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Abstract
qhepurposeofthepresentthesisisthestudyoftheinteractionofplasmonicandpre-plasmonic
nanostructureswithanemitterincloseproximityKqheinvestigationwascarriedoutfolowing
differentapproachesbutalwayswiththeaimofinsertingtheexperimentalresultsintheframe-
workofneworexistingtheoreticalmodelsinordertobetterunderstandthephotophysical
natureoftheinteractionKqothisaimintheframeworkofthisthesisdifferentnanoarchitec-
tureshavebeensynthesisedandcoupledtobr-dopedsilicalayersKqhechoiceofbrbiumas
emittingsourcewasdrivenbythegreattechnologicalimportanceofthisrareearthinphoton-
icsandoptoelectronicsIconnectedtothecharacteristicemissionat1R4Mnmthatmatchesthe
windowofminimumtransmissionlossforsilicaKcorthisreasonthefirststepoftheresearch
activitywasdevotedtotheoptimizationofthebrP+photoluminescentpropertiesinsilicaK
thenanemitterisplacednearaninterfaceIitsopticalpropertieswilbemodifiedK qo
describethisvariationdifferentcontributionshavetobetakenintoaccount:thevariation
ofthelocaldensityofstateduetothereflectionfromtheinterfaceIthecouplingofthe
emittedradiationwithpropagatingsurfaceplasmonsonthemetal-dielectricinterfaceandthe
dissipationintheoverlayerKAltheseaspectshavebeenstudiedindetailfordifferentoverlayer
materialsdemonstratingthatthestrongcontroloftheexcitedstatelifetimeoftheemittercan
beobtainedbytailoringthedielectricpropertiesoftheoverlayerandtheseparationdistance
fromtheinterfaceK
kanostructuringtheoverlayeroffersfurtheropportunitiesforchangingtheopticalproper-
tiesofanearbyemitterKAmongdifferentplasmonicnanostructuresInanoholearraysEkeAsF
canrepresenttheidealcandidateforthispurposeduetotheirextraordinaryopticaltransmis-
sionEblqF:atspecificfrequenciesdeterminedbytheholeperiodicityIthelighttransmitted
throughthekeAisordersofmagnitudehigherthantheonepredictedwiththeclassical
diffractiontheoryK thentheblqpeakwastailoredwiththeemissionwavelengthofthe
emitterstrongplasmoniccouplingwasdemonstratedIleadingtolifetimeshorteningwithal-
mostnodissipationintheoverlayerK
qheimprovementoftheopticalperformancesofanemittercanbeobtainednotonlyacting
onthedecayfromtheexcitedstatebutalsoincreasingtheexcitationefficiencyK corthis
purposeIaninterestingpossibilitythathasbeenexploredisthesensitizationbyofultra-smal
molecular-likemetalnanoclurtersEkCsFproducedbyionimplantationKkoblemetalkCscan
indeedefficientlyabsorblightthroughbroad-bandinterbandtransitionsandtransferenergy
toanearbyemitterIactingasefficientnanoantennaeforexcitationoftheemitterK puch
interactionleadstotheincreaseoftheeffectiveexcitationcross-sectionbyseveralordersof
magnitudeK
cinalyIaltheobtainedresultsalowedthedevelopmentofpredictivemodelsthatcanbe
usedinthedesignofnoveldevicesfordifferentphotonicapplicationsK
v

bstratto
ioscopodelpresentelavoroditesièl’analisidel’interazionedinanostruttureplasmoniche
epre-plasmonicheconunemettitoreKiostudioèstatocondottoseguendodiversiapprocciI
masempreconilfinediconfrontareirisultatisperimentaliconmodeliteoricisiagiànotiche
nuoviIinmododacomprendereappienolanaturafoto-fisicadel’interazioneKfnquestosenso
nel’ambitodelapresentetesidiversenano-architetturesonostatesintetizzateedaccoppiate
confilmsottilidisilicedrogataconerbioKiasceltadel’erbiocomeemettitoreèstatadettata
dalasuagrandeimportanzatecnologicadelaterrararanelafotonicaenel’optoelettronicaI
associataalacaratteristicaemissioneradiativaa1R4MnmIchesitrovanelafinestradiminimo
assorbimentootticodelasiliceKmerquestaragioneilprimopassodel’attivitàdiricercaèstato
voltoal’ottimizzazionedeleproprietàdifotoluminescenzadeloioneerbioinsiliceK
nuandounemettitoreèpostoinprossimitàdiunfilmsottilelesueproprietàottiche
vengonomodificateK merdescriveretalevariazioneènecessariotenerecontodicontributi
differenti:lavariazionedeladensitàlocaledeglistatidovutaalariflessioneal’interfacciaI
l’accoppiamentodelaradiazioneemessaconplasmonidisuperficiepropagantisul’interfaccia
metalo-dielettricoeinfineladissipazionenelfilmK quttiquestiaspettisonostatistudiati
indettaglioperfilmdidiversimaterialiIdimostrandocheunottimocontrolosultempodi
vitadelostatoeccitatopuòessereottenutoagendosuleproprietàdielettrichedelfilmesula
distanzadiseparazionetral’emettitoreel’interfacciaK
iananostrutturazionedelfilmpuòoffrireulterioriopportunitànelamodificadeleproprietà
ottichediunemettitoreKqralediversenanostruttureplasmonicheIinanoholearraysEkeAsF
possonoesserevisticomeicandidatiidealiperquestoscopograziealalorotrasmissioneottica
straordinariaEblqF:adeterminatelunghezzed’ondadefinitedalaperiodicitàdeibuchiedale
proprietàdielettrichedeimaterialicoinvoltiIlalucetrasmessaattraversoilkeAèordinidi
grandezzapiùgranderispettoaquelapredettadalateoriaclassicadeladiffrazioneKnuando
ilpiccodelablqèrisonanteconlalunghezzad’ondadiemissionedel’emettitoreIèstato
dimostratounforteaccoppiamentoplasmonicocheportaadunmarcatoaccorciamentodel
tempodivitanelaquasiassenzadidissipazionenelananostrutturaK
flmiglioramentodeleproprietàottichediunemettitorepuòessereottenutononsolamente
agendosulaparteemissivadelprocessoImaancheaumentandolaprobabilitàdieccitazioneKA
questoscopoIunapossibilitàinteressanteèoffertadalasensitizzazionedaaggregatimetalici
ultra-piccoliottenutiperimpiantazioneionicaK Clusterdimetalinobilicompostida1M–OM
atomipossonoinfattiassorbireefficientementelaradiazionedieccitazioneattraversotran-
sizioniinterbandaetrasferirel’energiaaunemettitorepostonelevicinanzeIagendoinquesto
mododaefficientinanoantenneK qaleinterazionepuòportareadunaumentodelasezione
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reportedasaguidefortheeyeKKKKKKKKKKKKKKKKKKKKKKKKKKKK TS
4K11miintensity measuredat1R4Mnmasafunctionofthephotonfluxofthe
samplesbr1Au1-kTOMEreddotsFandthebrUMMreferencesampleEgraydotsFK
qhemeasurementshavebeenperformedwithresonantexcitationat4UUnmK
qhecontinuouslinesarebest-fitstothedataaccordingtothemodeldescribed
inthetextKqhereddashedlinerepresentstheestimatedcontributiontothe
totalmisignalofthesensitizedbrfractioninthebr1Au1-kTOMsampleKfnset:
ooomtemperaturemispectrumofthebrUMMreferencesampleKKKKKKKKKK TU
4K1OpchematicrepresentationofthesensitizationefficiencyEηsFasafunctionof
theradialdistancerbetweentheAunanoclusterandthebrP+ionKεdis
theefficiencyfordirectexcitationofthebrP+ionsthroughabsorptionofthe
4UUnmpumpingbeamKointandointareinteractiondistancesestimatedforin-resonanceEatλ=4UUnmFandout-of-resonanceEatλ=4TSKRnmFexcitation
conditionsKaistancesarenotinscaleKKKKKKKKKKKKKKKKKKKKKKKK UM
4K1Pmiemissionat1R4Mnmasafunctionoftheannealingtemperatureofsamples
br1Au1-kforthethreedifferentpumpingconditions:inresonanceE4UUnmFI
out-of-resonanceE4TSKRnmFand multi-lineexcitationK qheintensitieshave
beennormalizedtothelaserpowerat4UUnmKKKKKKKKKKKKKKKKKKKK U1
4K14EaFmiintensityasafunctionofannealingtemperatureforthebr-implanted
EblacksquaresFandthebr-ueco-implantedsamplesEredcirclesFK qhemea-
surementshavebeenperformedwithresonantexcitationat4UUnmKqheinset
showsthecorrespondingemissionlifetimesKEbFComparisonofthetemper-
atureevolutionofthemiintensityat1R4Mnmforthebr-ueandbr1Au1M
co-implantedsamplesunderresonantEfiledsymbolsFandnon-resonantEopen
symbolsFexcitationKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK UP
4K1REaFCross-sectionaleAAac-pqbMimageofthebr-ueco-implantedsample
annealedatUMM℃;EbFBc-qbMcross-sectionofthebr1Au1Msampleannealed
atUMM℃KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK U4
4K1SbuAcpspectraofthebr-ueco-implantedsamplesIcomparedtothespectrum
ofthebrUMMreferencesample;EbFkO-weightedcouriertransformEintherange
k=O–UÅ−1FmoduliEfulcirclesFandfitsEsolidlineFofthespectrainEaFKKKK UR

fntroduction
fnlastdecadesnanoscienceandnanotechnologyhavebeengaininggreatimportanceandin-
creasedscientificattentionduetothepossibilityofobtainingnewpropertiesfrommaterials
whentheyaremanipulatedatthenanometricscaleKAtthisscaleIindeedIchangingthemor-
phologyimplieschangingalsothephysicalandchemicalpropertiesofmatterImanyofwhich
arenolongerintrinsicbutdependonthesizeIshapeIanddielectricenvironmentKlneofthe
moststrikingexamplesinthissenseisgivenbythecolourofnoblemetalswhentheyarein
nanoparticleform;goldIforexamplecouldappearvine-redorgreenIorbluishorgreysimply
bychangingthesizeofthenanoparticlesKeistoricalyIthefirstacknowledgementoftheim-
portanceofthenanoscalerangeisgeneralyattributedtothekobleprizephysicistoichard
ceynmaninhisbriliantlecture"qhereisplentyofroomatthebottom"[1]Iinwhichhefirst
proposedthatthepropertiesofmaterialsanddevicesatthenanometerrangewouldpresent
futureopportunitiesKqheterm“kano–technology”wasfirstusedbykKqaniguchiinapaper
in19T4[O]:“kanotechnologymainlyconsistsoftheprocessingofseparationIconsolidationI
anddeformationofmaterialsbyoneatomorbyonemoleculeK”fnlasttwodecadesnanotech-
nologieshavebeenthesubjectofanintenseresearchactivityIbringingimportantinnovations
inmanyfieldsasbiologicalsensorsIsurfacecoatingIcatalysisIcomputerscienceIopticsIdrug
deliveryIjusttomentionsomeofthemK
lneofthemostfascinatingfieldsinnanoscienceisthestudyoftheinteractionoflightwith
metalicnanostructuresandnanoparticlesexhibitinguniqueopticalpropertiesneverseenin
macro–worldK qhisfieldgoesunderthenameofplasmonicsandexploresthecouplingbe-
tweenelectromagneticradiationandconductionelectronsatmetalicinterfacesorinsmal
metalicnanostructuresIthatleadstotheconfinementoflightoverdimensionssmalerthan
itswavelengthandanassociatedenhancementoftheopticalnear-field[P]KfnrecentyearsI
anincreasingnumberofpapershavebeenpublishedonplasmonicsdisclosingthemainopti-
calpropertiesofnoblemetalnanostructuresK eoweverImanyaspectsregardingthepossible
applicationofthistechnologyintherealizationofphotonicdeviceshavestiltobeinvesti-
gatedK qhepresentworkisfocusedwithinthisframeworkanditisaimedatexploringthe
modificationoftheopticalpropertiesofanemitterduetotheinteractionwithplamonicand
pre-plasmonicnanostructuresK
pincethepioneeringworkofmurcel[4]Iitiswelknownthatspontaneousemissionisnot
onlyafunctionoftheemittingatombutcanbemodifiedbytheinteractionwiththeexternal
electromagneticenvironmentKftsdecayratefromanexcitedstatecanbestronglyenhanced
bythecouplinginthenear-fieldwithpurfacemlasmonmolaritonsEpmmsFIiKeKpropagating
electromagneticwavesconfinedattheinterfacebetweenametalandadielectricIcoupledto
surfacechargeoscilations[P]Kqheexcitationofpmmsbyelectromagneticwavesincidentonthe
surfacecannotoccurwithouttheuseofaprismorgratingduetothemismatchinthewave-
vectorKConverselyIwhenanemitterisincloseproximityEd λemFofaplanarinterfacethe
excitationofsuchmodescanoccurdirectlybecauseofthewiderangeofwave-vectorsavailable
inthenear-fieldofdipole-likeemissionKBesidestheopeningofanadditionaldecaychannel
thatincreasesthede-excitationprobabilityIpropagatingpmmscanfurtherexcitetheemitting
1
Ospeciesorbecoupledoutintofar-fieldradiationusingagratingthatmatchesthemomentum
betweenpmmandphotonandthuscontributetotheluminescencesignalK MoreoverIinthe
presenceofaninterfaceIthelocaldensityofopticalstatesEialpFwilbefurtheraffecteddue
toreflectionfromthesurfacethatprovidesadditionalpathsinwhichspontaneousemission
mayoccurKqhefieldreflectedbytheinterfaceindeedwilinterferewiththeemitterandits
amplitudeandphasewildeterminewhethertheemissionratewilbeenhancedorsuppressedK
qhusIthelifetimeoscilateswithincreasingdistancefromtheinterfacesincethephaseofthe
reflectedfieldchangeswiththedistanceEseecigKMK1FK qheonsetofnon-radiativedecay
channelsduetodissipationintheoverlayerhasalsotobetakenintoaccountKqhevariation
ofthedecayrateduetothepresenceofaninterfaceisindeedacomplexphenomenonandthe
opticalpropertiesofthesurfacetogetherwiththeseparationdistanceplayacrucialroleon
themodificationoftheradiativelifetimeK
cigureMK1:lscilationsofthelifetimeofanemitterEbuP+Fasafunctionoftheseparationdistancefroman
overlayerEAgFKcromoefK[R]
Ananostructuredoverlayercouldinprincipleofferfurtheropportunitiesfortheenhance-
mentofthedecayrateofanearbyemitterKqhedirectcouplingbetweentheemittedradiation
andsurfaceplasmonsisforexamplepossiblewhenakanoholeArrayEkeAFisplacedinthe
near-fieldofanemitterKAkanoholeArrayisametalthinfilmIwhosethicknessusualyranges
fromsometenstosomehundredsofnanometresIhavingpassing-throughholesarrangedwith
anorderedOaperiodicityK qheuniquepropertythat makesthesenanostructuresattrac-
tiveforpotentialapplicationsinnovelphotonicarchitecturesistheirextraordinaryoptical
transmissionEblqFK thenakeAisiluminatedwithwhitelightIordersofmagnitudemore
lightthantheonepredictedbyBethe’sdiffractiontheorycanbetransmittedthroughsub-
wavelengthsapertures[S]K qhetransmittancespectrumshowspeaksatspecificfrequenciesI
whicharerelatedtotheperiodicityofthemKpeveralmodelshavebeensuggestedtodescribe
thisphenomenonandmostofthemindicatethattheextraordinarytransmissionoccurswhen
theincidentexcitationmatchesthesurfaceplasmonresonancesK thenanemitterisinclose
PproximityofakeAwiththeblqpeakresonantwiththeemissionwavelengthItheradiative
decaywilbestronglyinfluencedbyboththevariationofialpandthecouplingwithsurface
plasmonmodesonthemetal-dielectricinterfaceKauetotheOaperiodicityIthepropagating
pmmswilcoupleoutinfar-fieldradiationwithouttheneedofadditionalgratingKqheunique
opticalpropertiesarisingfromtheextraordinaryopticaltransmissiongivethepossibilitynot
onlytocolecttheemittedradiationfrombothsidesofthenanostructuredfilmIbutalsoto
filterthewavelengthofthelighttransmittedthroughthekeAK
qheenhancementoftheluminescentpropertiesofanemittercanbeobtainednotonly
actingonitsdecayfromtheexcitedstatebutalsoincreasingtheexcitationrateIwhichis
proportionaltotheelectromagneticfieldactingonemitterK MetalnanoparticlesEkmsFcan
representanidealcandidateforthispurposesincethelocalizedsurfaceplasmonresonancecan
enhancethefieldaroundthenanoparticlebyordersofmagnitudeKeoweverIwhilesomestudies
demonstrateluminescenceenhancementforanemitterplacednearaplasmonicnanostructureI
otherreportluminescencequenchingK thenanemitterisresonantlycoupledwithaplasmonic
kmIindeedItwocompetitiveprocessesmaytakeplace:thelocalfieldenhancementleadsto
anincreasedexcitationratewhereasnon-radiativeenergy-transfertotheparticleleadstoa
decreaseofthequantumyieldEquenchingF[T]K qhusIactingontheshapeandsizeofthe
nanoparticletogetherwiththeseparationdistanceItheopticalpropertiesofanemittercan
beoptimizedEseecigKMKOFK
cigureMKO:CalculatedquantumyieldqaIexcitationrateγexcandfluorescencerateγemforasinglemolecule
locatedinadistancezfromagoldsphereofdiameterUMnmEaForasindicatedinfigureEbF[T]K
curthermoreInovelandpeculiarpropertiesemergewhenthedimensionsofthenanoparticles
arereduceddowntosub-nanometersizesIthatisIinarangeinwhichtheclustersaretoosmal
tohavethecontinuousdensityofstatesnecessaryforplasmonexcitationstobesupportedK
Althoughthelightconfinementandthesubsequentlocalfieldenhancementduetoplasmon
resonancedoesnotoccurInonethelessultra-smalnoblemetalnanoclusterscandeeplyinflu-
encetheexcitationandemissiondynamicsofanearbyemitterKfndeedIpre-plasmonicnoble
metalkmsmadeby1MMdowntoRatomsexhibitinterestingluminescencepropertiesasthey
encompassthetransitionbetweenbulkandmolecularregimesIwherediscreteelectroniclevels
emergeIwhoseenergyseparationbetweenthehighestoccupiedmolecularorbitalandthelow-
4estunoccupiedmolecularorbitalEelMl–irMlgapFislargerthanthermalenergyevenat
roomtemperatureK Molecular-likekmscanindeedabsorblightunderdirectelMl–irMl
excitationorunderinterbandphoto-stimulationandtransferenergytoanemitterinclose
proximityIactingasefficientnanoantennaefortheluminescentenhancementK qheemission
rateoftheemitterwilbealsoinfluencedbythepresenceofpre-plasmonickmsduetothe
openingofnewdecaychannelsK MoreoverItheopticalpropertiesofsuchultra-smal metal
clustersaresize-tunableIenablingfurtherdegreesoffreedominthecontroloftheinteraction
withanemitterK
Afinalcommentconcernsthephotoemittingsystemadoptedintheframeworkofthisthesis
fortheinvestigationofthecouplingeffectswithplasmonicnanostructuresKftisconstituted
ofthinfilmsofbrbium-dopedsilicaKqhechoicetoworkwithbrisrelatedtoitstechnological
importanceconnectedtothecharacteristicemissionat1R4Mnmthatmatchesthewindowof
minimumtransmissionlossforsilicaKfnfactIbrbiumdopedfiberamplifiersEbacAsFare
widelyusedtocompensatelossesinthetransmissionofopticalsignalsoverlongdistancesK
eoweverIthebr-dopedglasstechnologicalapplicationsarelimitedbythesmalexcitation
cross-sectionandthelonglifetimeofthebrexcitedstateEtypicalyoftheorderofmilisec-
ondsFKqhelonglifetimemakesbrionssensitivetonon-radiativede-excitationprocessesEsuch
ascooperativeup-convertionIenergymigrationIexcitedstateabsorptionFandlimitsthemax-
imumbrconcentrationasdopingelementduetotheoccurrenceofconcentrationquenching
phenomena[U]KfnthiscontextItheinteractionbetweentherare-earthandplasmonicand
pre-plasmonicnanostructurescouldrepresentapossiblewaytoovercometheselimitations
andopenthepossibilityfortherealizationofawiderangeofphotonicandoptoelectronic
devicesEeKgKplanaropticalamplifiersIsolidstatelasersandlightsourcesFK
1br:pilOthinfilms
1K1fntroduction
br-dopedsilica-basedmaterialsareofstrategicinterestinthefieldofopticalcommunication
technologyfortheirapplicationasactiveelementsinmanyphotonicdevices[U–11]Kfnpar-
ticularIthisisrelatedtothesharproomtemperatureluminescentemissionat1R4Mnmofthe
brP+ionsthatmatchesthewindowofminimumlossinsilicaopticalfibersKqhepresentchap-
terwilfocusonthesynthesisandthecharacterizationofbr-dopedsilicathinfilmsobtained
byco-sputteringandionimplantationIinvestigatingtheeffectsofthepreparationparameters
inordertooptimizethephotoluminescenceperformancesofbrP+ionsembeddedinthesilica
matrixKAlthoughbothtechniquesgivethepossibilityofobtainingthinfilmswithahighcon-
trolontheconcentrationofthedopantIthechoicebetweenthetwopermitsthecontrolover
adifferentsetofsynthesisparameters;inparticularIbysputteringdepositionthethickness
ofthebr-dopedfilmcanbevariedfromfewnanometerstohundredofmicronsofsinglefilms
ormulti-layersK tithionimplantationIinsteadIitispossibletointroduceasmanydoping
speciesasrequiredwithmultipleimplantationsKcurthermoreItheconcentrationdepthprofile
ofthedopingspeciesisessentialyflatintheco-sputteredfilmsIwhileitisroughlydaussian
forionimplantationIalthoughitispossibletoobtainadifferentconcentrationprofileswith
anbroadplateauxofconstantconcentrationwithmultipleimplantationEbyvaryingenergy
andfluenceFK MoreoverIbothsynthesistechniquesrequireahightemperatureannealingfor
theactivationofbrP+characteristicphotoemissionat1KR4µmKqhesynthesisparametersand
annealingconditionsIsuchastemperatureIdurationIandfurnaceatmosphereIhaveanimpor-
tantroleontheintensityofthemisignalandonthebrP+lifetimeIandwilbeextensively
investigatedinordertomaximizethebrP+quantumefficiencyK
1KObrP+opticalproperties
brbiumisarareearthelementintheianthanidesserieswithatomicnumberSUKqheelectronic
configurationofneutralbratomsis[ue]-4f1OSsOIwhilethemostcommonformofbrbiumwhen
embeddedinasolidistheionictrivalentstatebrP+Iwhichhasanelectronicconfiguration
[ue]-4f11KbrionizationinvolvestheremovalofthetwoweaklyboundedSselectronsandone
fromthe4fshelK qhereforebrP+ionhasanincompletelyfiled4felectronshelshielded
fromitsenvironmentbytheouter-lyingfiledRsORpSshelsfromthe[ue]configuration[1O]K
qheelectrostaticshieldingofthe4felectronshelfromitsenvironmentbytheRsandRp
electronsisresponsibleforthebrrichopticalspectrumK auetotheincomplete4fshelI
severalelectronicconfigurationsarisewithdifferentenergiesduetospin-spinandspin-orbit
interactionsK qheenergylevelschemeofbrP+Iuptotheblue-greenregionofthespectrum
isshownincigK1K1EaFKqheschemeislabeledwiththeoussel-paundersnotationandthe
correspondingtransitionwavelengthKfnthecaseofthefreeionthedegeneratelevelsaresharp
withequalparityandthereforetheelectric-dipoletransitionsinvolvingonephotonbetween
R
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cigure1K1:EaFbnergylevelsofbrP+labeledwiththeoussel-paundersnotationKcoreachstatethedpA
columnliststhewavelengthoftheground-stateabsorptiontransitionterminatingonitKEbF
Absorptionspectrumofbr-dopedsilicateglassK qhepeaksofthestrongbandsatPUMandROM
nmare1KRand1KMIrespectively[9]K
mostoftheseenergystatesareparityforbiddenKeoweverIwhenbrionisembeddedinahost
materialthesurroundingchemicalspeciesweaklyperturbthe4fstateIinducingodd-parity
characterinthe4fwavefunctionsandalowingfortheoccurrenceofradiativetransitionsK
MoreoverItheincorporationinmatrixcausesptark-splittingofthedifferentenergylevelsinto
manifoldsIaspointedoutincigK1K1EaFIgivingthetypicalbroadeningofabsorptionpeaks
observedinthespectrumincigK1K1EbFK
miemissionspectrum
qhebrexcitationprocessoriginatingthecharacteristic4f1P/O→4f1R/Otransitionat1KR4µm
occurswiththeabsorptionofaphotoninoneofthehigher-lyinglevelsanditisfolowed
bythenon-radiativefastmultiphonondecaytothemetastable4f1P/OstateEτ<1MnsF[1P]K
auetothelargerelaxationenergyofaboutMKUesbetweenthe4f1P/Ostateandtheground
stateImultiphononemissionisunlikelyandthecharacteristicradiativeemissionat1KR4µm
occursKqhemiemissionspectrumshapedependsonthehostglassIthepeaksandthevaleys
aredeterminedbythelocationsoftheptarklevelsItheintensityofthetransitionbetween
theptarklevelsIandtheamountofinhomogeneousandhomogeneousbroadeningofthese
levels[14]KAtypicalemissionspectrumofbrP+insilicaisrepresentedincigK1KPEaFK
ifetime
qhelifetimeEτFofanexcitedlevelisgivenbythesumoftheinverseoftheprobabilitiesof
radiativeEγrFandnon-radiativeEγnrFdecay:
1KObrP+opticalproperties T
1
τ=γr+γnr=
1
τr+
1
τnrK E1K1F
corbrbiumembeddedinaglassyhosttheupperlevelofthecharacteristictransitionat1KR4
µmE4f1P/OFisseparatedbyalargeenergygapfromthegroundstateE4f1R/OFIsothatitslifetime
isusualyinthemilisecondrangeandmostlyradiative:thephononicnon-radiativetransition
probabilitydropsexponentialywiththenumberofphononsrequiredtobridgetheenergygap
tothenextlowestlevelKeoweverIthemeasuredlifetimestronglydependsonthehostmatrix
sincethedecayrateofthenon-radiativetransitionisinfluencedbythepresenceofmatrix
impuritiesanddefectsthatcanactasnon-radiativerecombinationcentersKcurthermoreIthe
longlifetimeofthe4f1P/OmetastablelevelmakesthebrP+emissionsensitivetonon-radiative
decayprocessesIsuchasup-conversion[1RI1S]andconcentrationquenching[UI1T]K
Cross-section
qhecross-sectionquantifiestheprobabilityofthetransitionbetweentwostatestooccurwith
theconcurrentemissionorabsorptionoflightKfthasthedimensionsofanareaandcanbe
intuitivelyseenasthetargetareathatcaninterceptalightfluxbycatchingthephotonsthat
flowthroughitKpinceopticaltransitionsinbrP+havesmalprobabilityIthecross-sectionsfor
opticalexcitationandstimulatedemissionarequitesmalItypicalyontheorderof1M−19-
1M−O1cmOdependingonthehostmatrix[UI9I1U]Kqhisisoneofthemajorlimitationsinthe
realizationofphotonicandoptoelectroncdeviceswithbrdopedmaterialsKfnrecentyearsIa
lotofworkhasbeencarriedoutinordertoovercomethisbarrierintroducinginthematrix
sensitizingspecieswithhigherabsorptioncross-sectionwhichcanabsorblightmoreefficiently
andthantransfertheenergytoanearbybrIincreasingthepumpingefficiencyK lverthe
yearsdifferentsensitizingstrategieshavebeenadoptedIasforexamplecouplingwithother
rareearthelements[19–O1]Ipinanoaggregates[OO–OT]Iorganiccomplexes[OU–PO]andmetal
nanoclusters[PP–P9]K
U 1KPbr:pilOcosputteredthinfilms
1KPbr:pilOcosputteredthinfilms
brbium-dopedsilicaEbr:pilOFfilmsweresynthesizedco-depositionofbrandpilOinamag-
netronsputteringsystemK Ametalicbrbiumtargetwasmountedonamagnetronairect
CurrentEaCFsourcewhilethepilOtargetwasplacedonamagnetronoadiocrequencyEocF
sourceKqwodifferentsputteringgaswereexplored:pureArgonandamixtureofArandlO
E9R%Ar+R%lOFIwiththeoperatingpressuresetatRx1M−RmbarKqhisisthelowestpressure
toensurethattheplasmastaysonandminimizesthere-sputteringphenomenonK aespitea
notableloweringofthedepositionrateIthereactiveatmospherehasshowntopreventaslight
oxygenunderstoichiometrywhichcharacterizesthesilicadopedfilmsdepositedinpureargon
atmosphereandthereforewaschosenasoperatingconditionKqheconcentrationofthedopant
inthedepositedfilmcanbeeasilytailoredvaryingtheratiobetweentheinputpowerofthe
twosourcesKqopreventtheoverheatingofthesampleduringthedepositionthepowerofthe
ocsourcepowerwasfixedatORM tIwhiletheaCpowerwasvariedintherange1-T tK
qhebrconcentrationsvaryingfromSKS×1M19atK/cmPto1KSR×1MO1at/cmPwereobtainedK
brconcentrationwasmeasuredbyoutherfordBackscatteringppectrometryEoBpFIwhilethe
concentrationprofileswereobtainedbypecondaryfonMassppectrometryEpfMpFKauringthe
depositionsIthesampleholderwasrotatedtoensuregoodhomogeneityofthefilmcomposi-
tionandthicknessKqhedepositionswereperformedatroomtemperaturewithnobiasvoltage
onthesampleholderKqhebrconcentrationvarieslinearlywiththepoweroftheaCsourceK
Atfixedocpowerthethicknessofthedepositedfilmhasshownalineardependencewith
thedepositiontimeandnodependenceontheaCpowerintherange1-T tKAlistofthe
samplesinvestigatedinthepresentsectionisreportedItogetherwiththesynthesisparametersI
inqable1K1K
qable1K1:pamplesynthesisparametersforthebr:pilOco-sputteredfilmsK qhethicknesswasdetermined
byprofilometermeasurementsandbrconcentrationwasestimatedbyoBpKpampleaOpihasthe
samesynthesisparameterofthesampleaOIbutitwasdepositedonsiliconsubstrateK
pample cilmqhickness aCpower ocpower brconcK
[nm] [t] [t] [at/cmP]
a1 TR±P 1 ORM SKSx1M19
aO 1SR±P O ORM Px1MOM
aP TR±P P ORM SKTx1MOM
a4 1MP±P R ORM 1K1Tx1MO1
aR 9T±P T ORM 1KSRx1MO1
aOpi 1SR±P O ORM Px1MOM
1KPK1mimeasurements
mhotoluminescenceEmiFspectroscopymeasurementswereusedtoopticalycharacterizethe
brdopedsilicafilmsKmimeasurementsIbothintegratedandtimeresolvedIwereperformed
atroomtemperaturebyexcitingthesampleswithaSezmechanicalychoppedcontinuous
wavelengthECtFArgonlaserKAschematicsketchoftheexperimentalapparatusisshownin
cigE1KOFKBothin-resonanceEλexc=4UUnmFandout-ofresonanceEλexc=4TSKRnmFexcitation
conditionswereemployedK qheexcitationwavelengthwasselectedbylaserlinefiltersand
themaximumlaserpoweratλ=4UUnmwas1SKOmtIwhileatλ=4TSKRnmwasOKRmtK
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qhechopperwasplacedbetweentwolensesE1MMmmfocallengthFtoreducethelaserbeam
spotdimensiononthechopperplanetoobtainasteeperopen/closetransitionK qwocon-
verginglenseshavebeenusedtocolectandbringtheemittedradiationontheentranceslit
ofasingle-gratingmonochromatorKqheluminescencesignalwasdetectedbyanear-infrared
photomultipliertubecooledbyliquidnitrogenEeAMAMAqproRRM9-TOFandacquiredwith
alock-inamplifierIusingthechopperfrequencyasareferenceK qime-resolvedmianalyses
werecarriedoutbyfixingthemonochromatorwavelengthat1KR4µmandcolectingthemi
intensityevolutionasafunctionoftimewithadigitalosciloscopeEqektronixqapT1M4FK
qhebeamspotsizeonthesamplewasdeterminedbythehnife-bdgemethod[4M]andthe
measureddiameterforbothwavelengthwas1KOmmKcorthephotonfluxmeasurementsIthe
beamspotdiameterwasreduceddownto1MMµmatthesamplepositionusingaconverging
lensK
cigure1KO:Aschematicrepresentationofthemimeasurementset-upK
1KPKObrP+emissionspectrum
AfterthefilmdepositionnodetectableluminescencesignalintheforegionhasbeenobtainedI
probablyduetothelocaldisorderaroundbrionsKaanglingbondsandvacanciescomplexesas
welasbondangleandlengthdistortioninthesilicanetworkcanIindeedIactasnon-radiative
de-excitationcentresIquenchingthebrP+miemissionK Asreportedintheliterature[41]I
annealingtemperaturesabove4MM℃arerequiredtorecoverhostmatrixdefectsandtorestore
thefirstshelofoxygenatomssurroundingthebrionsK
AsanexampleIcig1KPEaFshowsamiemissionspectrumintherange14RM-1SRMnmofa
samplewithbrconcentrationofSKS×1M19atK/cmPandfilmthicknessofTRnmEsamplea1F
afterathermalannealingat9MM℃forOhoursinvacuumatmosphereEm<Ox1M−RmbarFKqhe
mispectrumwasobtainedbyexcitationwiththe4UUnmlineoftheArlaserIresonantwith
the4f1R/O→4cT/OtransitionKqheemissionconnectedwiththebrP+transitionfromthefirst
excitedstatetothegroundstateE4f1P/O→4f1R/OFhasamainpeaklocatedat1R4MnmE1FI
withashoulderat1RMMnmE4FandtwoweakstructuresatlongerwavelengthEOIPFK qhe
overalspectralwidthofthemainpeakEcteM=4TnmFandthewidetailsofthespectrum
aretheresultofptarksplittingoftheexcitedandgroundstatesinthehostelectricfieldI
1M 1KPbr:pilOcosputteredthinfilms
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cigure1KP:miemissionspectrumEaFandmiintensitydecaycurveEbFofthebr:pilOco-sputteredsample
a1annealedat9MM℃ forOhoursinvacuumatmosphereKpampleexcitationhasbeenobtained
bypumpingwiththe4UUnmlineArlaserchoppedatSezK
togetherwithadditionalhomogeneousandinhomogeneousbroadeningK rndernon-resonant
excitationatλ=4TSKRnmnomiemissionhasbeendetectedEredlineincig1KPEaFFKfncigK
1KPEbFmiintensitydecaycurveofthesamesampleisreportedIwithasingleexponentialfit
Efmi=fMet/τ-redlineFofthecurvethecharacteristiclifetimeofthetransition4f1P/O→4f1R/O
canbecalculatedobtainingτ=14K1msK qhisvalueisinperfectagreementwiththevalues
reportedinliteratureforthesamebrconcentration[U]K kodifferenceinthelifetimevalues
werefoundatdifferentwavelengthscorrespondingtothestructuresOIPand4Ipresentinthe
emissionspectrumK
1KPKP qhermalactivation
qhetemperatureandtheatmosphereofthebrP+activationannealinghaveacrucialrolein
restoringthedefectsinthedepositedsilicalayerandinthepromotionoftheoctahedraloxygen
coordinationaroundbrionsKqhusIasetofthermaltreatmentsinairandvacuumatmosphere
wereperformedinthePMM–1MMM℃temperaturerangetodeterminetheoptimumconditions
forthemaximizationofbothmiintensityandradiativelifetimeofthecharacteristictransition
at1R4MnmKfnasimplepicturethemiintensityEfmiFcanbedescribedbytherelation:
fmi∝kactηI E1KOF
wherekactistheconcentrationofopticalyactivebrionsandηisthequantumefficiencyof
theluminescenceprocessanditisgivenby:
η= γradγrad+γnr=
τ
τradI E1KPF
withτthemeasuredlifetimeandτradtheradiativelifetimeofthetransition4f1P/O→4f1R/OK
cigK1K4showstheevolutionofthemiintensityandthelifetimeatλ=1R4Mnmunder
resonantexcitationEλ=4UUnmFIasafunctionoftheannealingtemperatureIofsampleaOKcor
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cigure1K4:miintensityEaFandlifetimevaluesEbFat1KR4µmofsampleaOasafunctionofthetemperature
forthermaltreatmentsperformedinairandvacuumatmosphereKqheexcitationwavelengthwas
4UUnmKqhemeasurementshavebeenperformedwitha1SKOmtArlaserchoppedatSezKqhe
annealingdurationwas1handOhforairandvacuumatmosphereIrespectivelyK
bothannealingatmospheresasimilartrendwasfoundKBelowSMM℃no-measurablemisignal
hasbeendetectedIwhileintheSMM–9MM℃rangetheintensityincreaseswiththetemperature
reachingamaximumat9MM℃andfalingoffathighertemperaturesKqhelifetimeIinsteadI
increasesinthewholerangeofexploredtemperaturesIbutmorerapidlyintheSMM–UMM℃
intervalandjustslightlyathighertemperaturesKqheincreaseofbothmiintensityandlifetime
upto9MM℃hastobeattributedtotherestorationoftheconfigurationalorderinthesilica
matrixandtheincreaseofthequantumefficiencyoftheradiativetransitionIConverselyabove
9MM℃themisignalfalsoffprobablybecauseofthedecreaseofthenumberopticalyactive
brionsduetotheactivationoftheclusteringphenomenonKftisworthnotingthatannealing
inhighvacuumEm∼1M−RmbarFincreasesbymorethanPtimesthemiintensitywithrespect
toairIsuggestingabeneficialeffectofthelowpressureontheout-diffusionofquenching
speciesEsuchaslegroupsFfromthedepositedlayer[4O]KeenceI9MM℃invacuumhasbeen
chosenasstandardannealingconditionfortheactivationofthebrP+photoluminescencein
theco-sputteredfilmsK
1KPK4ptructuralcharacterization
ptructuralcharacterizationsofthedopedfilmswereperformedbymeansofqransmissionblec-
tronMicroscopyEqbMFandbxtendedu-rayAbsorptioncineptructureEbuAcpFanalysesK
qhefirstwasperformedtodeterminethequalityofthedepositedsilicaandtoobserveifthe
brclusteringphenomenatookplaceinthedepositedfilmuponthehightemperatureanneal-
ingIwhilebuAcpmeasurementsofferthepossibilitytoinvestigatethelocalenvironmentof
thebrionsembeddedinthesilicamatrixKqbManalyseshavebeenperformedonasample
depositedonsiliconsubstratebeforeandafterathermalannealingat9MM℃ for1hinair
EsampleaOpiandaOpi_9MMIcigK1KRFKqhethicknessofthefilmbeforeandafterthethermal
annealingwasdeterminedtobeE1SR±RFnmandE1UR±RFnmIrespectivelyKqheincreaseof
thefilmthicknessafterthethermaltreatmentcanbeattributedtotheoxidationofthepi
substrateIasevidencedalsobypfMpelementaldepthprofilesK qhethicknessesofthetwo
1O 1KPbr:pilOcosputteredthinfilms
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filmsarehomogeneousKqheas-sputteredsampledoesnotpresentacolumnargrowthascan
beseenincigK1KREaFanditdoesnotexhibitdetectableporosityK
cigure1KR:Bright-fieldqbMcross-sectionalimageofthesampleaOpi beforeEaFandafterEbFthermal
annealingat9MM℃I1hinairEaOpi_9MMFK
cromtheeoqbMimagesEcigK1KSEaFFthepresenceofaOnmthicknativeoxidelayercanbe
seenontheinterfacebetweenthedepositedsilicaandthepisubstrateKqhethermalyoxidized
pilayerattheinterfaceoftheannealedsamplecannotbedistinguishedfromthebr-doped
silicafilmindicatingthegoodqualityofthesilicamatrixuponannealingKftalsointerestingto
notethatthereisnoevidenceofbrclusteringphenomenaafterthe9MM℃thermaltreatment
inairKqhebaucompositionalanalysisconfirmsauniformbrconcentrationovertheentire
filmthicknessK
cigure1KS:eigh-oesolutionEeoFqbMimageofthedepositedfilmEaFbeforeandEbFafterairannealing
nearthepiinterfaceKqhelatticefringesofthecrystalinepisubstratearewelvisibleK
briP-edgex-rayabsorptionspectrawererecordedattheftalianbeamlinedfiaAofthe
buropeanpynchrotronoadiationcacility-bpocinfluorescencemodeK Agrazingincidence
geometrywasusedEincidenceangle∼OdegFtoincreasethefluorescencesignalfrombrIkeeping
atthesametimethesignaloftheelasticscatteringfromthematrixaslowaspossibleKqhe
buAcpanalyseshavebeenperformedonsampleaOEseeqable1K1Fannealedattwodifferent
conditions:9MM℃for1hinairEaO_9MMFand9MM℃for1hinairfolowedbyanisochronal
annealingat1MMM℃inairEaO_1MMMFKqhethicknessofthefilmE1SRnmFenablestohavea
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highsignaltonoiseratiointhebuAcpmeasurementsK
cigure1KT:ComparisonbetweenthecouriertransformmodulusofthebuAcpsignalfromthesampleaO
annealedat9MM℃for1hinairEblacklineFandthesampleaOannealedat9MM℃for1hinair
andsubsequentlyfor1hat1MMM℃ inairEredlineFK
qhebuAcpsignalsfromalthemeasuredsamplesaresimilarandexhibitonemainoscil-
lationthatdumpsdowninthehigh-energyregionofthespectrum:thisfeatureItypicalof
alightbackscattererIisinthiscaserelatedtothefirstsheloflatomssurroundingthebr
ionsKfncig1KTthecouriertransformmoduliofthebuAcpsignalsisreportedKqhepeakis
centeredat≈1KUÅEfirstcoordinationshelFKqhequantitativeanalysisindicatesthatforboth
samplesthecoordinationnumberofthislshelisaboutSKR±1K1andthebr-ldistanceis
EOKO4±MKMOFÅ;theaebye-talerfactorEσOFisE1P±4F×1M−PÅOKcorcomparisonIinthebrOlP
crystalthefirstshelisformedbySlatomsatadistanceofOKO4–OKOTÅandtheaebye-taler
factorisaboutonehalfofthevaluefoundhereIindicatingamoredisorderedbrsiteinthe
sputteredfilmsKqheobservedbr-ldistanceIshorterthanintheoxideIisinagreementwith
whathasbeenfoundinsimilarsystemsE[4P]andoefsKthereinFK
qhebuAcpanalysisisingoodagreementwiththemiintensityandlifetimesresultsKko
appreciabledifferenceinthelocalorderofbrbiumcanbeseenbetweenthesinglethermal
treatmentat9MM℃1hinairandtheoneat9MM℃1hplus1MMM℃1hinairKfnconclusionIthe
annealingat9MM℃hasbeenproventobesufficienttorestorethelocalorderofthebrbium
ioninasilicamatrixfortheco-sputteredsystemK
1KPKRbrconcentration
lneofthemajorlimitationtotherealizationofphotonicdevicesbasedonbr-dopedma-
terialsistheoccurrenceofconcentrationquenchingphenomenaK Concentrationquenching
isamanifestationofthecörsternon-radiativeenergy-transferphenomenon[44I4R]Iandit
ischaracterizedbythedecreaseintheluminescencequantumyieldastheemittingspecies
concentrationisincreasedK rsualythismodelispresentedinthecontextofdonor-acceptor
energy-transferIwheredonorandacceptoraredifferentspeciesIbutwhentheemittersatis-
fiestheconditionfortheself-energytransferEoverlapoftheexcitationandemissionspectraF
energycanmigratethroughthematerialbyaresonantinteractionuntilaquenchingcenter
14 1KPbr:pilOcosputteredthinfilms
ismet[44]Kcorbr-dopedsilicaIthismigrationwilbecomemoreefficientatsmalerbr-br
distancesIhenceathigherconcentrationsIbutwilonlyreducethelifetimewhenthematerial
containsimpuritiesordefectsthatcoupletoanbrionEeKgK leimpuritiesinpilicaglassFK
qheefficiencyoftheenergy-transfermechanismEktFisdescribedby:
kt= r
−S
r−S+oM−SI E1K4F
whereristhebr-brseparationdistanceandoMisthecörsterradiusKoMdependsonthe
spectraloverlapItherefractiveindexofthemediumandtherelativeorientationoftheemittersK
Becauseoftherapiddecayoftheenergy-transferefficiencywithincreasingrIconcentration
quenchingissignificantonlywhenrislessthanorcomparabletooMKcorbrinsilicaIthe
concentrationlimitwhentheseparationdistancebetweenbrionsbecomescomparabletothe
cörsterradiusisintherangeMK1-1at%IdependingonthematrixK[UI9I1T]K
cigure1KU:aecayrateofthetransition4f1P/O→4f1R/OvsKbrconcentrationKqhedecayratewasmeasured
underresonantexcitationatλ=4UUnmKqhebrconcentrationmeasuredwiththeoBptechniqueK
pincethecontrolofbrP+lifetimeandthemaximizationofthequantumefficiencyareof
primaryinterestinthepresentworkIasetofsampleswithincreasingbrconcentrationhas
beenpreparedKqhecontrolonthebrconcentrationwasobtainedkeepingfixedthepowerof
thepilOsourceandvaryingthepowerofthebrbiumsourceintherange1-T tEcfK1K1FKAl
thesampleswereannealedat9MM℃forOhinvacuumItoensureaspreviouslydiscussedIthe
recoveryofthematrixdefectsandminimizetheleconcentrationKAsshowninthecigK1KUI
thebrdecayratehasalinearincreasewiththebrconcentrationK MoreoverIalthesamples
arecharacterizedbyasingleexponentialdecayIconsistentwithahomogeneousconfigurational
distributionofbrionsintheco-sputteredfilmKfnasimplemodel[1T]IthebrdecayrateEΓbrF
canbedescribedby:
Γbr=Cbr−br[d∗][br]I E1KRF
where[br]isthebrconcentrationI[d∗]istheconcentrationofnon-radiativedecaycenters
EmainlylegroupsFandCbr−brisacouplingconstantoftheself-energytransferofbrionsK
pincethereisnodifferenceinthesamplesynthesisparametersnorinthethermalactivation
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processI[d∗]canbeconsideredconstantobtainingthelineardependenceofthedecayrate
withbrconcentrationasexperimentalydemonstratedK
1KPKSbrP+emissioncross-section
qhestudyoftheemissioncross-sectionisfundamentalinthecharacterizationoftheoptical
propertiesofbr-dopedsystemsKcromthecuchtbauer-iadenbergequationIthisparametercan
beestimatedwhenthefluorescentbandwidthsIthespontaneouslifetimeandthedegeneracy
oftheexcitedandthegroundstatelevelsareknown[4S]KBeing1andOthegroundandthe
excitedstateofatwolevelsystemItheemissioncross-sectionEσO1Fisgivenby:
σO1= λ
O
UπµOAO1gEνF E1KSF
whereλisthewavelengthofpeakofemissionIgEνFisthelineshapeoftheemissionspectrumI
AO1isthebinsteincoefficientforspontaneousemissionandµistherefractiveindexofthehost
mediaKfnabsenceofnon-radiativedecaychannelsIthebinsteincoefficientforspontaneous
emissionbecomesthemeasureddecayrateEAO1=1/τFKpincethelineshapeisingeneralnot
simpleItheeffectivelinewidth∆λeffisdefinedthroughtherelation
fpk∆λeff=
∞
M
fEλFdλK E1KTF
qhelineshapefunctionmaybewrittenas
gEνF= fpkfdνI E1KUF
sothat:
gEνF=λ
O
c
1
∆λeffK E1K9F
qhecuchtbauer-iadenbergequationbecomes:
σO1= λ
4
UπµOc
1
τ∆λeffK E1K1MF
cromthespectrumreportedincig1KPEaFitisnowpossibletocalculatetheeffective
linewidththatresultsequaltoSOKTnmKqhemeasuredlifetimeis14K1msandcanbeconsid-
eredcompletelyradiative[U]qheemissioncross-sectionresultsσO1=4K1×1M−O1cmOIingood
agreementwiththevaluesreportedinliterature[U–11]K
ftisworthnotingthatthecuchtbauer-iadenbergequationisnotthebestapproachto
calculatethebrP+emissioncross-sectionsinceitassumesthataloftheptarkcomponentsare
equalypopulatedKcorrareearthembeddedinaglassymatrixthisisingeneralnotexactsince
thepopulationsaredeterminedbytheBoltzmanndistributionKAmoreappropriatemodelto
calculatethecross-sectionwouldbetheMcCumberapproach[4T]Iwheretheemissioncross-
sectioniscalculatedfromtheabsorptioncross-sectionandtheradiativelifetimeKauetothe
lowbrconcentrationandthesmalthicknessofthebr-dopedfilmsIanaccurateestimationof
theabsorptioncross-sectionisverydifficultKkonethelessIasshownbyBarnesetalK[4S]Ithe
valuescalculatedwiththetwoapproachesareofthesameorderofmagnitudeIsothevalue
calculatedwiththecuchtbauer-iadenbergapproachcanbeassumedasagoodapproximationK
1S 1K4brimplantedsilica
1K4brimplantedsilica
Awelknownsynthesistechniqueusedtoobtainthindopedlayersinaglassymatrixision
implantationKftoffersseveraladvantagesIsuchashighcontrolonthedopingconcentrationI
lowtemperatureprocessingIvariationofthedopantconcentrationprofilewithoutchanging
intheimplantationfluenceIovercomingofthesolubilitylimitKpilicasubstratesEeerasil1by
eeraeus;slideareaofTKR×OKRcmFhavebeenimplantedatroomtemperaturewithanbr+ion
beamatthefonfmplanationcacilityoftheiegnarokationaliaboratoriesEmadovaIftalyFK
Anuniformdopingofthesilicamatrixhasbeenobtainedperformingsequentialimplantation
atthreedifferentenergiesERMI1MMI19MkesFIwithcurrentdensitiesofaboutMKMRµA/cmOKA
totalfluenceofSKU×1M14br+/cmOwasimplantedasestimatedbyoBpmeasurementsK
cigure1K9:blementalconcentrationprofilesobtainedbypfMpmeasurementsonasilicaglassimplantedwith
brandannealedatUMM℃inkOatmospherefor1hKoightscalereportsthebrconcentrationes-
timatedbyoBpquantitativeanalysisKqhedashedlinerepresentsthebrsimulatedconcentration
profileforthetripleenergyimplantationschemeobtainedwithpofM-OMMUcode[4U]K
Analmostflatbrconcentrationprofileintheimplantedregionisobtainedwithaplateau
atUKS×1M19at/cmPEcigK1K9FK qhesamplewilbelabeledf1inthefolowingK qhebrcon-
centrationprofileiscenteredataboutSMnmbelowtheslabsurfaceItheflatregionisthick
aboutTMnmKqhelongtailofthebrconcentrationdepthprofilepresentinthepfMpcurve
hastobeattributedtoion-intermixinginducedbythemeasurementKftworthnotingthatfor
thissamplethebrconcentrationisjustabovetheconcentrationquenchinglimitwhichisof
aboutR×1M19at/cmP[44]K
1K4K1brbiumimplantedsilica:opticalbehaviour
Asforthesamplesobtainedwithmagnetronco-sputteringInomeasurablemiemissionhas
beenobtainedintheforegionforthebr-dopedsilicafilmsafterionimplantationK qhisis
probablyduetotheradiationdamageinducedinthesilicamatrixduringtheimplantation
processK Asalreadypointedoutforco-sputteredsamplesIdefectsintheglassymatrixcan
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actasnon-radiativecentresforbrP+de-excitationIquenchingthemisignalK Athermal
activationaboveRMM℃ isrequiredtorecovertheimplantationdamageinthesilicamatrixK
AsanexampleIcigK1K1MEaFshowthemiemissionspectrumintherange14MM-1TMMnmof
samplef1annealedatUMM℃ inkOIobtainedbyresonantexcitationatλ=4UUnmK qhe
emissionspectrumispeakedat1R41nmandpresentslineshapeandcteMsimilartothea1
sampleobtainedwithmagnetronco-sputteringEseecigK1KPFIalthoughthesecondarypeaks
looklessnoticeableKAsexpectednomisignalarisesundernon-resonantexcitationEλ=4TSKR
nmFK
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cigure1K1M:miemissionspectrumEaFandmiintensitydecayEbFofsamplef1annealedatUMM℃1hinkOK
ftisinterestingtoanalysethemidynamicscharacterizingthe1KR4µmemissionKcromthe
midecaycurveofthesamplef1_UMMincigK1K1MEbFIitcanbeseenthatthedecayispurely
exponentialindicatingahomogeneouspopulationofemittingbrionsinsilicaK thenthe
interactionoftheexcitedspecieswiththeluminescencequenchersisdistanceindipendentI
thede-excitationdynamicstakestheformdescribedbytheptern-solmermodel[49]:
fmiEtF=fmiEMFexpE−tτFI E1K11F
wherefmiEMFisthemiintensitywhenthelaserisswitchedoffandthespontaneouslifetime
τcorrespondsto
1
τ=
1
τr+
1
τnrI E1K1OF
withτrandτnrbeingrespectivelytheradiativeandnon-radiativetermsK qheestimated
lifetimeEwithsingleexponentialfitFresultsτ=1MKTmsIslightlyshorterthantheoneobtained
fortheco-sputteredsamplea1_9MMIwherethequantumefficiencyapproachestheunityKqhis
differencemaybeattributedtothehigherbrconcentrationofsamplef1_UMMthatincreases
theprobabilityofnon-radiativedecayandtothelowerannealingtemperatureatUMM℃that
probablywasnotsufficienttorecovercompletelytheionimplantationdamageofthepilO
matrixK
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1K4KObractivation:qhermalannealing
qoevaluatetheinfluenceofannealingtemperatureandatmosphereontheopticalproperties
ofbr-implantedsilicaItwosetsofisochronalE1hFthermalannealingshavebeencarriedouton
thef1sampleKqhefirstonehasbeenperformedinthePMM-11MM◦CtemperaturerangeinairI
whilethesecondsethasbeenperformedinkOfluxexploringthePMM-1MMM◦Ctemperature
rangeK qhemiintensitysignalat1R4Mnmasafunctionofthetreatmenttemperatureis
plottedincigK 1K11K corbothannealingatmospheresithasbeenfoundasimilartrend:
belowSMM◦CnomeasurablemisignalhasbeendetectedIwhileintheSMM-9MM◦Crangethe
miintensityincreaseswiththetemperaturereachinga maximumat9MM◦CK Abovethis
temperaturethemiintensityfalsoffnoticeablyinbothcasesK
cigure1K11:miintensityat1KR4µmofsamplesf1asafunctionofthethermalannealingtemperatureK
qheannealinghasbeenperformedinaconventionalfurnaceinairEreddotsFandinkOEblack
squaresFatmospherefor1hK
cigK1K1Oshowstheradiativelifetimeat1R4MnmunderresonantbrP+excitationIasafunc-
tionofttheannealingtemperatureforthesamplesthermalytreatedinairandinkOatmo-
sphereKoegardlessofthethermaltreatmentatmosphereIthelifetimeincreasescontinuously
withthetemperatureIbutmorerapidlyatlowtemperaturesandjustslightlyabove9MM◦CK
coralthemeasuredsamplesapurelyexponentialmiintensitydecayhasbeenfoundIindi-
catingahomogeneousconfigurationalpopulationofbrionsintheimplantedlayerK
ftisinterestingtonotethatthetemperatureatwhichthemaximumofthemiintensity
occursisthesamefortheimplantedandtheco-sputteredsamplesK bvenifthedamagein
thesilicahasadifferentoriginIthetemperaturerequiredfortherecoveryofthematrixisin
bothcases9MM℃andthemechanismproposedfortheco-sputteredbr-dopedsilicasamples
canbeappliedalsotothebr-implantedsilicaonesKfndeedItheincreaseofthemiintensity
observedintheSMM-9MM◦CisprobablyduetotheincreaseofthebrP+quantumefficiencydue
tothedecreaseinthenumberofsilicamatrixdefectsinducedbytheionimplantationprocessK
MoreoverIstartingfrom 1MMM◦Cthefalofthemiintensitycanbeattributedtotheonset
ofanbrclusteringphenomenonthatdecreasestheconcentrationofbrP+activeionsK qhe
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cigure1K1O:milifetimevaluesat1KR4µmforsamplesf1asafunctionofthetemperatureforthethermal
treatmentsperformedinairandinkOatmospherewithadurationof1hKpampleexcitation
hasbeendonebypumpingwiththe4UUnmlineArlaserchoppedatSezK
clusteringphenomenondoesnotinfluencethelifetimethatsightlyincreasesduetoafurther
recoveryofmatrixdefectsK
fntheSMM-TMM◦CtemperaturerangeIthekOatmosphereismoreefficientonincreasingthe
miintensityIbuttheshortvaluesofthelifetimeindicatethatmanynon-radiativeprocesses
stiltakeplaceinthesamplesK ConverselyIintheUMM-1MMM◦Ctemperaturerangethemi
intensityofthesamplesannealedinairisslightlyhigherEfmi−air∼1KO×fmi−kOFKpincethedifferenceinthemeasuredlifetimeforf1samplesannealedintwodifferentatmospheresis
smalerthantheexperimentalaccuracyIitemergesthattheannealingatmospheredoesnot
playacrucialroleforthebrP+miemissionofbr-implantedsilicafilmsK
1KR Conclusions
fthasbeendemonstratedthatmagnetronco-sputteringandionimplantationcanbeusedas
versatiletechniquesforthesynthesisofbrdopedsilicathinfilmsKkomeasurablemisignalin
theforegionhasbeendetectedontheas-depositedandas-implantedsamplesIduethehigh
amountofmatrixdefectsthatactasnon-radiativecentersforbrde-excitationK bxploring
thetrendofthemiintensityandthelifetimeasafunctionofannealingtemperatureIit
hasbeenfoundthatforbothsynthesistechniquesathermaltreatmentintherangeUMM–
9MM℃ wasnecessarytomaximizethemiintensityandminimizethenon-radiativedecay
rateKqhestructuralcharacterizationperformedwithbuAcpandqbMmeasurementshave
pointedoutthattheseannealingcontritionsaresufficienttopromotetheoxygenoctahedral
coordinationaroundthebrionsandhaveexcludedtheoccurrenceofbrclusteringprocessesK
MoreoverIithasbeenobservedabeneficialeffectofthevacuumatmosphereduringthebr
thermalactivationoftheco-sputteredsamplesIduetotheenhancedout-diffusionofquenching
speciesfromthedepositedlayerKqheoccurrenceofconcentrationquenchinghasbeenobserved
intherange1M19–1MO1br/cmP;thedecayrateat1R4Mnmincreaseslinearlywiththebr
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concentrationK cinalyIavalueof4K1×1M−O1cmOforthebrP+excitationcross-sectionwas
determinedthroughthecuchtbauer-iadenbergapproachK
O ModificationofbrP+radiativelifetimeby
interactionwiththinfilms
OK1fntroduction
AsalreadypointedoutinthepreviouschapterIthelonglifetimeofcharacteristictransition
4f1P/O→4f1R/Oofbrionsembeddedinaglassy matrixisoneofthe majorlimitationin
therealizationofphotonicandoptoeletronicdevicesbasedonbr-dopedmaterialsIbecause
thelongpermanenceoftheionintheexcitedstatemakesitpronetonon-radiativedecay
processessuchasenergymigrationIcooperativeup-conversionandconcentrationquenchingK
pincetheearlyworkofmurcel[4]itisknownthatthechangeinthelocalphotonicdensity
ofstateEialpFmayinfluencethedecayrateofanemitterKqhepresenceofaninterfacein
closeproximityofanemitterEd<λFcanbeseenasthesimplestwaytoinfluencethelocal
photonicdensityofstatesandthusIchangethedynamicsoftheemissionKApioneeringworkof
arexhageandco-workers[RM–R4]hasfirstdemonstratedexperimentalytheinfluenceofasilver
mirroronthespontaneousemissionofbuP+ionsasafunctionofdistanceK MorerecentlyIa
considerableamountofworkhasbeencarriedoutonthemodificationofspontaneousemission
inthepresenceofareflectingsurface[RR–RT]Ihoweverthesesystemsarecharacterizedbythe
presenceofanemittingsourceswithanintrinsichighquantumefficiencyEeKgKIquantumdotsFK
qheaimofthepresentchapteristostudythemodificationofbrP+spontaneousemission
inbr:pilOthinlayersEobtainedbymagnetronco-sputteringFbytheinteractionwiththin
filmswithdifferentdielectricfunctionK MoreoverIthepossibilityofthecouplingbetweenthe
emittedradiationandsurfaceplasmonpolaritonsEpmmsFonthemetal-dielectricinterfaceat
thebremissionwavelengthEλ=1R4MnmFisexploredKAcomparisonbetweenexperimentand
theoryisalsopresentedIshowingthatanexcelentcontrolontheradiativepropertiesofbr
ionshasbeenachievedK
OKO qheoreticalmodel
qhephotoluminescenceEmiFcanbeseenasthetypicalspontaneousemissionprocessK qhe
spontaneoustransitiondecayrateEΓiIjFbetweenanexcitedstateEiFandalowerenergystate
EjFisgivenbythecermi’sgoldenrole[RU]
ΓiIj=Oπ|MiIj|OρjI EOK1F
whereMiIjisa matrixelementthatconnectstheexcitedandlowerenergylevelsandis
determinedbythewavefunctionsassociatedwiththoselevels;ρjisthedensityofstates
oftheopticalfieldatthetransitionfrequencyIhereafterreferredtoasthelocalphotonic
densityofstatesEialpFKqhusItheprobabilityoftheradiativetransitioncanbemodified
actingontheialpaspointedoutfirstbymurcelatoadiocrequencyEocFwavelengths
in194S[4]K qhepresenceofaninterfaceincloseproximityofanemitterwilIinprincipleI
O1
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modifyboththeialpandthematrixelementofthetransitionbetweentheexcitedstate
andthegroundstateIbutthewavefunctionswilbeinfluenceonlyiftheatomsoftheinterface
aretheclosestneighboursEd∼1ÅFKbvenifthespontaneousemissioncanbeconsideredas
anarchetypalquantummechanicalprocesswheretheialpisseenessentialyasvacuum
fluctuationsIinaclassicalviewpointitcanbeinterpretedastheabilityofthesurrounding
structuretosupporttheemittedphotonsK lnemayexpectthatthesetwoapproachesare
explanationsindifferentregimesIonthecontrarytheyarecomplementaryexplanationswhich
providethesamequantitativeanswer[R9]Kqheequivalenceoftheclassicalmodelandaful
quantum-mechanicalcalculationhasbeenestablishedbyveunganddustafson[SM]K
fntheclassicalviewpointItheemitterisindeedconsideredasaforceddampeddipoleoscil-
latorandtheinfluenceofthesurfaceistakenintoaccountbydeterminingthetotalelectro-
magneticfieldactingonthedipoleIincludingthedipoleback-reflectedfieldfromthesurfaceK
qhedistancebetweentheemitterandthesurfaceisacrucialparameterforcontrolingthe
emitterlifetimeIsincetheamplitudeandthephaseofthereflectedfieldwildeterminewhether
theemissionratewilbeenhancedorsuppressedK MoreoverIamorecompletedescriptionof
thephenomenonmusttakeintoaccountthattheemittercanlooseenergyviaenergytrans-
fertotheinterfaceEiKeKcouplingwithsurfaceplasmonpolaritonsEpmmsFandlossysurface
wavesF[R9]KqhecomprehensiveanalyticalsolutionoftheproblemwasfirstgivenbyChanceI
mrockandpilbeyin19TR[S1]Kqheyhavefolowedtwodifferentapproachesforthedetermina-
tionofthevariationofthelifetimeofanemitterclosetoaninterfaceKqhefirstonecalculates
thereflectedelectricfieldatthedipolepositionIwhilethesecondoneusestheenergyflux
methodKqheresultareequivalentbutthesecondapproachenablesalsotodistinguishbetween
theradiativeandthenon-radiativedecayrateK
qhepurposeofthissectionistopresentbrieflythemodelproposedbyChanceImrockand
pilbeyE"Cmpmodel"inthefolowingFforanemittingdipolenearaninterface[SO]K qhe
emitterisconsideredasaforceddampeddipoleoscilatorIwhichequationofthemotioncan
bewrittenas: dOµ
dtO+ω
Oµ= embo−γM
dµ
dtI EOKOF
whereµisthedipolemomentumIωistheoscilationfrequencyintheabsenceofaldampingI
m istheeffectivemassofthedipoleIetheelectricchargeIbo isthereflectedfieldatthe
dipolepositionandγMisthedampingconstantEdecayrateFintheabsenceofthereflecting
surfaceKqhedipolemomentEµFandthereflectedfieldEboFoscilatewiththesameEcomplexF
frequency:
µ=µMe−i[ω+∆ω]te−γt/OI EOKPF
and
bo=bMe−i[ω+∆ω]te−γt/OI EOK4F
where∆ωandγarethefrequencyshiftandthedecayrateinthepresenceofaninterfaceI
respectivelyKpubstitutingequationsEOKPFandEOK4FintoEOKOFandrecognizingthatγOandthe
magnitudeofthetermEeO/µMmFbMareverysmalcomparedtoωO[SP]Iwehave
∆ω=γ
O
Uω+
eO
OµMmω oeEbMFI EOKRF
γ=γM+ e
O
OµMmω fmEbMFK EOKSF
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qhefrequencyshiftE∆ωFisfoundtobequitesmal[SO]KcromequationEOKSFitisclearthat
thechangeofthedecayrateofanemitterclosetoaninterfaceisdictatedbytheout-of-phase
componentofthereflectedfieldKqheproblemreducesnowinthecalculationofthereflected
electricfieldatthedipolepositionwhichhasbeenthetopicofmanyinterestingworksImost
ofthemusestheeertzvectorpotentialorthedreen’sayadicfunction[S4]Klncethereflected
fieldisdeterminedEomittedhereforbrevityFIthedecayrateforanydipoleorientationcanbe
derivedfromthecombinationofperpendicularEγtForparalelEγpFdipolecomponentswith
respecttotheinterface:
γt=γM 1−POfm
∞
M
opu
P
a1expE−4πn1a1z/λFdu I EOKTF
γp=γM 1+P4fm
∞
M
E1−uOFop+ot ua1expE−4πn1a1z/λFdu I EOKUF
wheretheintegrationvariableuisthecomponentofthewave-vectorEofthedipolefieldF
intheplaneoftheinterfaceInormalizedwithrespecttothefar-fieldwave-vectork1ofthe
dipoleradiationfieldinmedium1embeddingtheemitterEu=kx/k1FIn1isitsrefractive
indexIzisthedistanceoftheemitterfromtheinterfaceIλtheemittingwavelengthK qhe
parametera1=−i√1−uOisrelatedtotheperpendicularcomponentofthewave-vectorat
theinterfaceIwhileopandotarethecresnelcoefficientsforp-ands-polarizedlightatthe
interfacerespectivelyIevaluatedasafunctionofuandcanbeexpressedas:
ot=a1−aOa1+aOI op=
ε1aO−εOa1
ε1aO+εOa1I EOK9F
withε1beingthedielectricfunctionofthesurroundingmediumoftheemitterIεOthecomplex
dielectricfunctionofthemediumbeyondtheinterfaceandaO=−i εO/ε1−uOK
cigureOK1:sariationofnormalizedlifetimeasafunctionofthedistanceEzFfromaAgoverlayerEεO=-
11RKTR+9KSMiFforanbr-likeemitterEλem=1R4MnmFembeddedinsilicaKmaralelIperpendicular
andisotropicorientationareobtainedfromeqKOKUIOKTandOK1MIrespectivelyK
pincethenormalizedwave-vectorumayrangeoveralpositivevaluesbetweenMandinfinityI
thereflectioncoefficientshavetobecalculatedforbothrealandcomplexanglesofincidenceI
O4 OKOqheoretical model
whichcorrespondtoincidentwavesthatarepropagatingandevanescentrespectivelyK then
thedipoleshaveanisotropicorrandomorientationconfigurationswithrespecttotheinterfaceI
thedecayrateEγisoFtakestheform:
γiso=1τ=
O
Pγp+
1
Pγt=
O
Pτp+
1
Pτt EOK1MF
AsanexampleIincigKEOK1FisreportedthelifetimevariationofanemitterEλem=1R4MnmF
infrontofasilvermirrorasafunctionofthedistancefortheinterfaceKqhelifetimeoscilates
withincreasingdistancefromtheinterfacesincethephaseofthereflectedfieldchangeswith
thedistanceItheamplitudeofthisoscilationdecreaseathigherdistancesbecausethestrength
ofthefieldemittedfromthedipoleEandthusthereflectedfieldFfadeswithincreasingdistance
fromitKcurthermoreIfromcigKEOK1Fitcanbenotedthatatsmaldistancesthelifetimeis
stronglyreducedduetothecouplingwithsurfaceplasmonpolaritonsanddissipationatthe
metal-dielectricinterfaceK
OKPpamplepynthesis OR
OKPpamplepynthesis
pincethestudyofthemodificationofthelifetimeofthecharacteristicbrP+emissionat1R4M
nmduetotheproximityofaninterfacerequireshighcontroloverthedistancesbetweenthe
emitterandtheinterfaceImagnetronsputteringhasbeenchosenassynthesistechniquefor
br:pilOthinfilmsKfnthiswaynotonlythethicknessofthedopedlayercanbetailoredas
requiredbutalsothedistancebetweenthebr:pilOfilmandtheinterfacecanbecontroledjust
switchingoffthebrsputteringsourceanddepositingpuresilicawhichactsasaspacerKqhe
differenceintherefractiveindexofpureandlow-concentrationbr-dopedsilicaisnegligibleK
qwodifferentbrconcentrationshavebeenexplored:MK1%atKand1K1%atKqhefirstonebelow
theconcentrationquenchinglimit[U]Iwhilethesecondoneisatthethresholdwherethecon-
centrationquenchingdecreasesthebrquantumefficiencyKqhefilmsweredepositedon1mm
thicksilicaslidesEepnPMMbyeeraeusFKBeforethedepositionIsilicasubstrateswerecleaned
ina“piranha”solutionEPM%eOlOITM%eOpl4FforOMminandcopiouslyrinsedwithMili-n
waterE1UMΩresistivityFKmriortosilicaandbrbiumco-depositionIaTRnmthickbufferlayer
ofpuresilicawasdepositedKauringthedepositionsIthesampleholderwasrotatedtohavea
goodhomogeneityofthefilmcompositionandthicknessKbrconcentrationwasmeasuredby
outherfordBackscatteringppectrometryEoBpFIwhiletheconcentrationprofilewasobtained
bypfMpmeasurementsKfnordertorestorethematrixdefectsinducedduringthebr:pilO
filmdepositionandactivatethebrP+luminescenceat1KR4µmIthesampleswereannealed
forOhoursat9MM℃ invacuumatmosphereEm∼1M−RmbarFKbrionsdiffuseminimalyun-
dertheseconditionsIascheckedbypfMpKmhotoluminescencemeasurementsIbothintegrated
andtimeresolvedIwereperformedatroomtemperaturebyexcitingthesampleswithaSez
mechanicalychoppedcwArlaserK Bothin-resonanceEλexc=4UUnmFandout-ofresonance
Eλexc=4TSKRnmFexcitationconditionswereemployedKqhemisignalwasanalysedbyasingle
gratingmonochromatoranddetectedbyanear-infraredphotomultipliertubecooledbyliquid
nitrogenK qhetime-resolvedmianalysiswascarriedoutbyfixingthedetectedwavelength
at1R4Mnmandcolectingthemiintensityevolutionasafunctionofthetimewithadigi-
talosciloscopeEqektronixqapT1M4FK AsexpectedInomisignalhasbeendetectedunder
non-resonantexcitationatλ=4TSKRnmK
qableOK1:pamplesynthesisparametersandmeasuredlifetimesofthereferencesamplesEp1IpOandpPF
pample cilmqhickness brconcK pilOppacer Annealing ifetime
[nm] %atK [nm] ℃ [ms]
p1 TR±P 1K1 - 9MM 1MKM±MKO
pO UR±4 MK1 - 9MM 1PKM±MKO
pP OM±O MK1 ORM 9MM 1MK4±MKO
cromqable1canbeimmediatelynotedthatsamplepOandpPIwithidenticalbrconcen-
trationhaveτ=1Pmsandτ=1MK4msIrespectivelyKpincetheannealingconditionsarethe
sameItheonlydifferencebetweenthetwosamplesisthedistanceofthebr-dopedlayerfrom
thesurfaceIthereforeitisclearthatnotonlyabsorbingmediamayinfluencetheradiative
lifetimeofbrP+ionsbutalsotheeffectof"airinterface"hastobetakenintoaccountsinceit
playsaminorbutdetectableroleinthemodificationofτK
OS OK4CalculationofbrP+lifetimewiththeCmp model
OK4 CalculationofbrP+lifetimewiththeCmpmodel
fnordertoapplythemodelproposedbyChanceImrockandpilbeyECmpFtobr:pilOthin
filmssomeimportantclarificationshavetobedoneKpincethedipolemomentofbrP+ionsin
silicawouldhavenopreferredorientationIthedipoleorientationwithrespecttotheinterface
canbeconsiderrandomIthustheequationEOKTFandEOKUFcanbesubstitutedintoEOK1MF
obtainingtheexpressionoftheradiativedecayrateEγisor FofasingleemitterasafunctionofthedistanceEzFfromtheinterface:
γrisoEzF=γrM 1+1Ofm
∞
M
−opu
P
a1+ E1−u
OFop+ot ua1 expE−4πn1a1z/λFdu IEOK11F
whitγrMtheradiativedecayrateinthemediumwithoutaninterface1K
qheexperimentalymeasureddecayrateEΓMFcanbeconsideredasthesumofaradiative
EΓrMFandanon-radiativeEΓnrMFcontributionIwiththelatterbeingunaffectedbythepresenceoftheinterfaceKpincethebr-dopedfilmhasafinitethicknessIthebrdistributioninthefilmhas
tobetakenintoaccountKcrompfMpmeasurementswehaveobservedthatbrdiffusionduring
thethermalannealingisnegligibleIthusthebrconcentrationprofilehasbeenapproximated
withthecharacteristicfunction:
fEzF= fMIz∈[zMIzM+zbr]MIz/∈[zMIzM+zbr] EOK1OF
withzM=zmin beingthedistanceofthebr:pilOfilmfromtheinterfaceIzbrthethicknessof
br:pilOfilmEsothatthemaximumdistanceofbriszmax=zM+zbrFandfMtheEconstantFbr
concentrationK
cigureOKO:miintensitytimedependenceK Comparisonbetweenthetimedependenceofthemiintensity
calculatedaccordingtoequationEOK1PFandasingleexponentialdecay
1fnthefolowingthenotationγbastandsforasingleemitterEdipoleFIwhileΓbastandsforthedecayrateofa
distributionofemittersEiKeKbrionsFK
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qhetimedependenceofthemiintensityfmiEtFisthereforecalculatedas:
fmiEtF=fM
∞
M
fEzFe−γrisoEzFtdz=fMfM
zmax
zmin
e−γrisoEzFtdz EOK1PF
whereγrisoisthedecayrateforanemitteratadistancezfromtheinterfaceandfMthestationaryemissionintensityKpincethedependencyisslightlynon-exponentialIfolowingthe
approachofBaoetalK[SR]IwehavedeterminedtheradiativedecayrateEΓrisoIcalcFfittingthefirstOMmsEwheretheagreementisquitesatisfactoryFofthenormalizedcomputedfunction
withasingleexponentialcurveEseecigKEOKOFFK heepingconstantthenon-radiativedecay
rateEΓnrMFIthecalculatedbrlifetimebecomesτcalc=1/EΓrisoIcalc+ΓnrMFK
OK4K1oadiativeandnon-radiativelifetimeinbr:pilO
qodeterminetheradiativeEτrMFandnon-radiativelifetimeEτnrMFofthereferencesampleIthemeasuredlifetimevalueslistedinqableOK1havetobeevaluatedtakingintoaccountthe
distancefromthesurfaceofthebr-dopedlayerKft’sworthnotingthatthepresenceofa
dielectricmediumIwithnocomplexcomponentofthedielectricfunctionIwilinfluencejust
theradiativelifetimeofanemitterincloseproximityofthedielectric-dielectricinterfaceI
sincethedissipativecontributionEpmmsandsocaledlossysurfacewavesFisgovernedbythe
complexpartofthedielectricfunctionKAtalowbrconcentrationIthedecayrateEΓMFofthe4f1P/O→4f1R/OtransitioninarelaxedpilOlatticeisTMs−1EτrM=14KOmsFanditismainlyduetoradiativeemissionEΓM=ΓrMF[U]KrsingthisvalueintheequationEOK11FandfolowingtheproceduredescribedintheprevioussectionEwithεO=εair=1FItheradiativedecayrate
ΓrcalccanbeobtainedforthethreereferencesampleKqhedifferencebetweentheexperimentalvalueEΓexp=1/τexpFandthecalculatedoneisthenon-radiativedecayrateΓnrKEseeqable
OKOFK
qableOKO:oadiativeandnon-radiativedecayrateofthe4f1P/O→4f1R/OtransitionforthereferencesamplesK
qheinfluenceofthedistancefromair-pilOinterfaceisevaluatedwiththemodeldescribedinthe
textKoadiativeefficiencyisalsoreported
pample ΓrM ΓrisoIcalc Γexp Γnr oadiative
[s−1] [s−1] [s−1] [s−1] efficiency
p1 TM RRK1 1MM±P 44K9 MKRR
pO TM RRKS TSK9±P O1KP MKTO
pP TM SRK9 9SKO±4 PMKP MKSU
MoreoverItheradiativeefficiencyEqFcanbeevaluatedfromthecalculatedandexperimental
decayratesinthefolowingway:
q= Γ
r
Γr+Γnr=
ΓrisoIcalc
Γexp K EOK14F
pamplep1hasthehighestnon-radiativedecayrateduetothehighbrconcentrationIabove
theconcentrationquenchinglimitKaespitetheequalbrconcentrationandthesimilarsynthe-
sisparametersIsamplepOandpPpresentslightlydifferentradiativeefficiencyE∆q∼4%F;this
canbelikelyattributedtothepresenceofsomeresidualdefectsinthethickersilicadeposited
filmE∼OTMnmFactingasnon-radiativedecaycentresandnotcompletelyrecoveredduringthe
thermalannealingperformedtoactivatethebrionsK
OU OKR Metalicoverlayer
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qhemodificationofthelifetimeofthetransition4f1P/O→4f1R/OforbrP+emissionat1R4Mnm
hasbeenstudiedforfourdifferentmetalicfilmsKfthasbeenchosentoworkwithOplasmonic
metalsEiKeKIAuorAgFandwithCrorqiKAfterthethermalactivationprocessE9MM℃ Oh
invacuumFItheopticalythickEt>OMMnmFmetalicfilmsweredepositedonsamplep1via
magnetronsputteringEseecigKOKPFK
EaF EbF
cigureOKP:EaFpchematicrepresentationofthestructureofthesamplesandtheirorientationduringphoto-
luminescencemeasurementsKEbFqypicalbrP+mispectraofthesamplesmeasuredat1R4Mnm
underresonantEλexc=4UUnmFandout-of-resonanceEλexc=4TSKRnmFexcitationconditionsK
AlfilmthicknessesweremeasuredbothwithanatomicforcemicroscopeEkq-Maqpolver-
mroAcMFandaprofilometerKpinceaprecisevalueofthedielectricfunctionat1R4Mnm
ofthemetalfilmwasnecessarytocomparetheexperimentalresultswiththecalculationsI
insteadofusingthevaluespresentinliteratureEsuchas[SSIST]FIthedielectricfunctions
weredeterminedbymeansofasApbofgKAK toolamCoKspectroscopicelipsometerKmi
spectrumofthesampleswasobtainedatroomtemperatureEoqFbyresonantexcitationwith
the4UUnmlineofacontinuous-waveECtFArlaserIexhibitingthecharacteristicmiemission
at1R4MnmrelatedtothebrP+4f1P/O→4f1R/OtransitioninsilicaKkodifferenceinthepeak
positionwasnoticedafterthemetaldepositionKcurthermoreIundernon-resonantexcitation
at4TSKRnmnomeasurablemisignalat1R4MnmhasbeendetectedIindicatingnooccurrence
ofenergy-transfermechanismstowardsbrionsinthepresenceofthemetalicoverlayersEsee
cigEOKPFFK
cigKEOK4Fshowsthemidecaycurvesofsamplesp1withthedifferentindicatedoverlayersI
measuredunderresonantexcitationconditionsEλexc=4UUnmFKAlmidecaycurvesarechar-
acterizedbyasingleexponentialbehaviourthathasbeenfittedtodeterminetheexperimental
brlifetimesEseeqableOKPFKcigureEOK4FclearlyshowstheeffectontheshorteningofthebrP+
lifetimeforthecharacteristicemissionat1R4Mnmduetothecloseproximityofametalic
overlayertothebr-dopedTRnmthickfilmKpampleswithgoldEp1AuFandsilverEp1AgFover-
layerexhibitareductioninthemeasuredlifetimeofabout1/Oofthevalueofthereference
sampleEp1FIwhilesampleswithchromiumandtitaniumfilmspresentamorepronounced
OKR Metalicoverlayer O9
cigureOK4:ooomtemperaturemidecay measurementsat1R4Mnmperformedunderresonantexcitation
conditionsofsamplesp1withAuIAgICrandqioverlayersK
lifetimeshorteningIespecialysamplep1qithathasτexp=OK9msKqobetterunderstandthis
lifetimevariationtheexperimentalymeasuredvalueswerecomparedwiththosecalculated
withtheCmpmodelandtheobtainedvaluesarelistedinqableOKPKfngeneralgoodagree-
mentbetweenthemeasuredvaluesandthecalculatedoneswerefoundIespecialyforthep1qi
andp1Crsampleswheretheadhesionbetweenthesputteredfilmandthesilicasubstrateis
strongKpincethequalityoftheinterfacehasaprimaryimportanceintheinteractionbetween
theemitterandthemetalicoverlayerIitisreasonableassumingthatthedifferenceofabout
1KRmsbetweenthecalculatedandexperimentalyobtainedvaluesforthesamplesp1Auand
p1Ag canbeattributedtothewel-knownpooradhesionofthenoblemetalsfilmsonthe
br:pilOfilmKqhiswilbeshowninthenextsectionK
qableOKP:pamplescharacteristicsandmidecayresultsKεli isthedielectricfunctionofthemetalicfilms
measuredatλ=1R4MnmbyspectroscopicelipsometryKfnthelasttwocolumnsthecomparison
betweentheexperimentalybrlifetimemeasuredat1R4MnmEresonantexcitationatλ=4UUnmF
andthevaluecalculatedaccordingtothemodeldescribedinthetextisreportedK
pample br:pilOfilm εli τexp τcalc
thickness[nm] Eλ=1R4MnmF [ms] [ms]
p1 TR±P 1 1M±MKO -
p1Au TR±P -1OUKPR+11KTRi RKO±MKP SKT
p1Ag TR±P -1MPKO1+11K1Oi RKM±MK4 SKP
p1qi TR±P OK4OT+O9KR9i OK9±MKO OKU
p1Cr TR±P -SKPT+41K1Si PKP±MKO PKO
fmprovingthequalityofthenoblemetal-pilOinterface
qobetterevaluatethedifferencebetweentheexperimentalymeasuredlifetimesandthecalcu-
latedvaluesforthesamplesp1Auandp1AgIonthereferencesamplepOEwithhigherradiative
PM OKR Metalicoverlayer
efficiencyFwasdepositedbymagnetronsputteringasilverandagoldORMnmthickfilmsKqo
promotetheadhesionandimprovethequalityoftheinterfacebetweenpilOandthenoble
metalfilmsIathermalannealingatORM℃ forOhoursinvacuumEm∼1M−RmbarFwasper-
formedKsacuumhasbeenchosentoavoidpossibleoxidativereactionespecialyonsilverfilmK
qhereferencesamplepOwasalsoannealedtoverifythatthe"low"temperatureannealingdo
notinfluencetheopticalpropertiesofthebr:pilOlayer;asexpectednodifferencehasbeen
detectedinthemeasuredlifetimebeforeandaftertheannealingonsamplepOKqhedielectric
functionofthenoblemetalfilmsweremeasuredat1R4Mnmaftertheannealingbyspectro-
scopicelipsometryandthevaluesarealmostcoincidentwiththeoneobtainedforp1Auand
p1Ag samplesEcfK qableOKPandqableOK4FIdemonstratingthatnooxidationreactionhas
occurredduringtheannealingK
qableOK4:pamplescharacteristicsandmidecayresultsKεli isthedielectricfunctionofthemetalicfilms
measuredatλ=1R4MnmbyspectroscopicelipsometryKfnthelasttwocolumnsthecomparison
betweentheexperimentalybrlifetimemeasuredat1R4MnmEresonantexcitationatλ=4UUnmF
andthevaluecalculatedaccordingtothemodeldescribedinthetextisreportedK
pample br:pilOfilm εli τexp τcalc
thickness[nm] Eλ=1R4MnmF [ms] [ms]
pO UR±P 1 1P±MKO -
pOAu UR±P -11SK91+9KTPi UKR±MK4 UK1
pOAg UR±P -11RKTR+9KSMi UK4±MK4 UK1
AscantheseenfromqableEOK4FIamuchbetteragreementonthelifetimevariationisnow
obtainedIandthecalculatedvaluesareinanalmostperfectagreementwiththemeasuredonesK
qhefactthatagainnomisignalhasbeenobtainedfromnon-resonantexcitationEλ=4TSKR
nmFcanbeconsideredasaproofthatnodiffusionandclusteringofnoblemetalatomsin
thebr-dopedfilmhasoccurredIsinceAuandAgsub-nanometricclustersarewel-known
sensitizersforbr-dopedsilica[PSIP9]K
EaF EbF
cigureOKR:EaFAcMtomographyofthebr:pilOsurfaceafterthepeeloffofthegoldfilmKEbFooughness
profiledeterminedbyAcMmeasurementsofthebr:pilOsurfacebeforetheAudepositionand
aftertheAufilmpeeloffKqheroughnessoftheAupeeledofffilmisalsoreportedK
MoreoverIthequalityoftheinterfacewasalsodeterminedbymeansofAcMImeasuringthe
roughnessofthebr:pilOdepositedfilmandthesamesurfaceafterthegoldfilmdepositionIa
thermalannealingEORM°Cfor4hinsacuumatmosphereFandthepeeloffofthefilmKfnboth
OKR Metalicoverlayer P1
casestheroughnessaverageEoa=1n
n
i=1
|hi|Fwasfoundtobelessthan1nmEseefigureEOKRFFK
qheroughnessofapeeledAufilmwasalsodeterminedtobelessthan1nmKcurthermoreI
thebrP+lifetimewasmeasuredagainonthepOAusampleafterthepeeloffofthegoldthin
filmandtheτexpwasfoundtobe1OK9msIinperfectagreementwiththepOreferencesample
E1PmsFKeenceanyinfluenceonthebr:pilOfilmsurfaceIstructureandcompositiondueto
metaldepositioncanbeexcludedK
OKRK1fntermediatedistancerange
AsshownincigKEOKSFtheoscilationofthelifetimeasafunctionofthedistancefromasilver
overlayerpresentsaminimumatadistanceofaboutOSMnmfromtheinterfaceK
cigureOKS:qheoreticaldependenceofbrP+emissionlifetimesinsilicaasafunctionofthedistancezfrom
asilverIairIsiliconItitaniuminterfaceKqhecurvecalculatedwithagoldsurfaceoverlapstothe
silveroneandithasnotbeenreportedK
AtthisdistancethecouplingoftheemittedradiationwithlossysurfacewavesEiptF
becomesweakandtheshorteningoftheradiativelifetimecanbeattributedalmostexclusively
totheexcitationofpmmsandthevariationofphotonicdensityofstatesduetothereflection
oftheemittedfieldonthesilverinterfaceEseefigureEOK1MFFKqoexploreexperimentalythis
phenomenonIonthesamplepPEwherethethicknessofthebr:pilOwasreduceddownto
OMnmandapuresilicaORMnmthickfilmwasdepositedontopFasilveropticalythick
layerwasdepositedbymagnetronsputteringandthenthermalyannealingatORM℃ forO
hoursinvacuumwasperformedtopromotetheadhesionofthenoblemetalfilmonthesilica
EεAg=-11RKTR+9KSMiFKqhelifetimemeasuredunderresonantexcitationatλ=4UUnmshowsa
significantreductionofOK4msEτexp=UKMmsFcomparedtothereferencesamplepPKlncemoreI
thevalueisinperfectagreementwiththelifetimecalculatedwiththeCmpmodelIshowing
thathighcontrolonthebrP+lifetimecanbeachievedchangingboththedielectricconstant
oftheoverlayerorthedistancefromtheinterfaceK
PO OKSpemiconductingoverlayer
qableOKR:pPandpPAg synthesisparameterswithexperimentalymeasuredandcalculatedlifetimesK
pample br:pilOfilm pilOspacer εli τexp τcalc
thickness[nm] thickness[nm] Eλ=1R4MnmF [ms] [ms]
pP OM±1 ORM 1 1MK4±MKO -
pPAg OM±1 ORM -11RKTR+9KSMi UKM±MK4 UKP
OKSpemiconductingoverlayer
Aftertheinvestigationofthevariationofthelifetimeofthetransition4f1P/O→4f1R/OofbrP+
ionsembeddedinsilicamatrixduetothepresenceofairandmetalicinterfaceIitisinteresting
nowtoevaluatealsohowthepresenceofasemiconductorinterfacewilaffectthelifetimeof
br-dopedthinfilmsKqhenaturalchoicehasbeensiliconKfthasalsothepeculiarpropertyof
beingEat1KRµmFagoodreflectorduetothehighdifferenceintherealpartofthedielectric
functionIbutaveryweakabsorberbecauseofthealmostnulcomponentofthecomplexterm
ofthedielectricfunctionatλ=1R4MnmEεpi=1OKM9+U×1M−SiFK qothispurposeIasample
Enamedp1piFwiththesamesynthesischaracteristicofthesamplep1EbrconcK=1K1atK%I
br:pilOthickness=TRnmFwasdepositedonasiliconwaferwithasilicaspacerofTRnmKqhe
samplewasannealedaswel-establishedat9MM℃ forOhoursinvacuumatmosphereK qhe
brP+radiativelifetimewasshortenedofaboutOmswithrespecttothereferencesampleK
cigureOKT:deometryofthetwointerfaceproblemIwheredandsarethedistancesfromtheoverlayerwith
dielectricfunctionεOandεPIrespectivelyK
pincethebr-dopedlayeronthesamplep1piisplacedbetweenadoubleinterfaceEaironone
sideandsiliconontheotherFtheequationOK11doesn’tholdanymoreKlmittingforbrevity
thedetailsonthecalculationIwiththesameproceduredescribedforasingleinterfaceIChanceI
MilerImrockandpilbey[SU]havederivedthefolowingequationthatpredictsthedecayrate
ofasingleemitterwithperpendicularEγtFandparalelEγpForientationswithrespecttothe
twointerfacesEasincigKOKTF:
γtEdIsF=γMPOfm
∞
M
cEdI−o1IOp FcEsI−o1IPp F
cEd+sI−o1IOp o1IPp F
uP
a1duI EOK1RF
γpEdIsF=γMP4fm
∞
M
cEdIo1IOt FcEsIo1IPt F
cEd+sI−o1IOt o1IPt F
u
a1+
cEdIo1IOp FcEsIo1IPp F
cEd+sI−o1IOp o1IPp FE1−u
OFduIEOK1SF
OKTqhechoiceofanoptimumoverlayer-oe[εli]Ifm[εli] maps PP
wherecExIyF=1+yexpE−4πn1a1x/λFIdandsbeingthedistancefromtheinterfaceOand
PrespectivelyEseecigKEOKTFFKqhereflectioncoefficientaredefinedlikethoseinEOK9F:
oiIjt =ai−ajai+ajI o
iIjp =εiaj−εjaiεiaj+εjaiI EOK1TF
andak=−iEεk/ε1−uOF1/OKlncemoreIsincebrionsdonothaveapreferentialorientation
withrespecttotheinterfaceItheisotropicorientationconfigurationtakestheformdescribed
byequationOK1MK
pincethetotalthicknessofthedepositedfilmis1RMnmETRnmofbr:pilOplusTRnm
ofsilicaspacerFIwecanexpressthedistancefromtheairoverlayeras:s=1RM−d;thusγiso
becomesfunctionofonevariableanditispossibletoevaluateτcalcfolowingtheprocedure
describedinsectionOK4KqhevalueofΓrMandΓnrM aretheonesdeterminedforsamplep1EseeqableOKOFKAscanbeseenfromqableOKSItheexperimentalandthecalculatedvaluesarein
almostperfectagreementshowingnotonlythatthetheoreticalmodelpresentedbyCmpcan
beappliedtosemiconductorinterfacesbutalsothatthelifetimeshorteningofbr:pilOcanbe
obtainedbythepresenceofasemiconductinginterfaceK
qableOKS:p1andp1pisynthesisparameterswithexperimentalymeasuredandcalculatedlifetimesK
pample br:pilOfilm pilOspacer εO εP τexp τcalc
thickness[nm] thickness[nm] Eλ=1R4MnmF [ms] [ms]
p1 TR±P - 1 - 1M±MKO -
p1pi TR±O TR±O 1OKM9+Ux1M−Si 1 UKO±MK4 UKR
OKT qhechoiceofanoptimumoverlayer-oe[εli]Ifm[εli]maps
cigureOKU:kormalizedlifetimevariationasafunctionoftherealandimaginarycomponentofthedielectric
functionoftheoverlayerforzM=PRnmEaFandzM=TMnmEbFKqheinsetshowsanenlargedview
oftheregionaroundtheoriginK
Afterexploringbothexperimentalyandtheoreticalythevariationofthelifetimeduetothe
presenceofadielectricEairFImetalicEAuIAgIqiandCrFandsemiconductingEpiFoverlayersI
P4 OKUmowerdissipationandradiativeefficiencywithanoble metaloverlayer
itispossiblenowtogeneralizethemodelpresentedinthetextandtodrawacontourplot
whereatafixeddistancefromtheinterfaceEzMFthevariationofthenormalizedlifetimeEτ/τMF
canbeevaluatedasafunctionoftherealEoe[εli]IFandtheimaginarypartEfm[εli]Fofthe
complexdielectricfunctionoftheoverlayerKqhesemapscanbeanusefultooltopredictthe
variationofthedecayrateandtochoosetheoptimumoverlayermaterialK
OKU mowerdissipationandradiativeefficiencywithanoble
metaloverlayer
ftisinterestingnowtotrytoseparatethedifferentpathwaysinwhichthedecaycanoccurfor
anexcitedbrP+closetoaninterfaceEiKeKradiativeIpmmandnon-radiativemodesFKConsider-
ingageometrywithaninfinitelyextendedplaneabovetheemitterEz>zMFandanotherbelow
theemitterEM<z<zMIbeingzMthedistanceoftheemitterfromtheoverlayerFIandcalculating
theenergyfluxthroughthesetwoplanesarigorousseparationbetweentheenergyflowing
awaybyfar-fieldradiationEc↑FandtheenergytransferredtotheinterfaceEc↓FcanbegivenK
qhefluxthrougheachplaneisobtainedbyintegratingthenormalcomponentofthecomplex
moyntingvectorEp∗Fovertheplane[SO]K
aividingthentheenergyfluxbythetotalenergyradiatedbythedipoleItheprobabilities
ofthetwomechanismsEγ↑Iγ↓Faregivenby:
γ↑EzF=ΓrM 1+1Ofm
1
M
−opu
P
a1+EE1−u
OFop+otFua1FexpE−4πn1a1z/λFdu IEOK1UF
γ↓EzF=ΓrM 1Ofm
∞
1
−opu
P
a1+EE1−u
OFop+otFua1FexpE−4πn1a1z/λFdu I EOK19F
lfcourse:
γ↑EzF+γ↓EzF=γrisoEzF EOKOMF
AsafirstapproximationIγ↑maybeseenasradiativedecayrateEγrFandγ↓asnon-radiative
decayrateEγnrFKftisnowpossibletocalculatethesocaledfar-fieldradiativeefficiencyEqcFI
thatdescribehowmanyphotonscouplesdirectlytofar-fieldradiationdividedbythetotal
energyemittedbythedipoleKAsafunctionofthedistancefromtheinterfaceEzFIthefar-field
efficiencyisgivenby:
qcEzF= γ
rEzF
γrEzF+γnrEzF=
γ↑EzF
γ↑EzF+γ↓EzFK EOKO1F
qcisnottheactualradiativeefficiencyoftheemittersincethecontributionofsurfaceplasmon
polaritonsisconsideredasnon-radiativedecaychannelsbecausetheyareseenasenergydissi-
patedintheplanebelowtheemitterIalthoughpmmsareindeedbMmodespropagatingonthe
metal-dielectricinterfacethatcanbecoupledoutintofar-fieldradiationorcanre-excitethe
brP+ionthatarelocatedclosetotheinterfaceandthereforecontributetothetotalemitted
radiation[S9]K
qhusItolookindepthonhowtheenergygoesawayfromanexciteddipoleIitisworth
consideringmoreindetailthenear-fieldIazonethatextendsroughlyadistanceλemfrom
theemitterKfnthiswayitispossibletoevaluatehowtheelectromagneticpowerisradiated
awayfromtheemitterK qhenear-fieldemittedfromadipolecontainscomponentswitha
OKUmowerdissipationandradiativeefficiencywithanoble metaloverlayer PR
cigureOK9:mowerdissipationasafunctionofthenormalizedwave-vectoruforanemitterEλem=1R4MnmF
embeddedinsilicainfrontofasilverfilmKfntheinsetenlargestheregionaroundthelightline
Eu=1FtoevidencethepeakarisingfromthepmmscouplingK
largerangeofwave-vectorskIbutonlythecomponentswithk<k1EiKeKIu<1Fwilpropagate
directlyintothefar-fieldEwithk1beingthefar-fieldwave-vectorinthemediaembeddingthe
dipoleFKfmportantlyIforadipolelocatedneartoaplanarsurfaceIawiderangeofkxalso
existsEkxbeingthewave-vectorintheplaneofthesurfaceFIthedipoleemittedradiationcan
coupletomodeshavingin-planemomentagreaterthank1Isuchaspmmsincaseofmetal
interfaceImodesthatarenotaccessibletoincidentplanewavesK
Aspointedoutbycordand teberin[TM]thepowerdissipatedbyadipoleinthepresence
ofametalinterfacecanbeseenasthesumofthreedifferentcontributions:
m=mphoton+mpmm+mipt EOKOOF
wheremphotonisthepowerradiatedviaphotonsImpmm viasurfaceplasmonpolaritonsand
mipt thatviasocaledlossysurfacewavesK corarandomlyorientedemitterIatagiven
distancefromtheinterfaceEzFthepowerdissipationspectrumcanbeobtainedplottingthe
imaginarypartoftheintegrandinequationEOK11Fasafunctionofthenormalizedwave-vector
u=kx/k1EseecigEOK9FforasilveroverlayerF[R9]K
fncigKEOK9Fthreedifferentregionscorrespondingtothedifferentpowercontributioncan
bedistinguished:
•intheregionM≤u≤1theemittercouplestofar-fieldpropagatingwavesEmphotonFIthe
valueofugivesthedirectionofemission;
•justabovethelightlinethereisanarrowpeakwhichcorrespondstosurfaceplasmon
emissionEmpmmFKqheenergyradiatedfromtheemittercoupleswithpmmsonthemetal
dielectricinterfaceKeoweverItheprocessisstilradiativeinnatureIsincetheenergyis
carriedawaybywavepropagatingalongthesurfaceKkolossinthemetalisrequiredfor
thisprocesstooccur[TM];
•atu 1IforsmalzIabroadpeakassociatedwithlossysurfacewavesarisesEmiptFK
PS OKUmowerdissipationandradiativeefficiencywithanoble metaloverlayer
qhenon-radiativedecayiscausedbytheoscilatingnear-fieldofthedipolewhichinduces
electronicchargedensityoscilationsthatdissipatethroughscatteringinthesubstrateK
cigureOK1M:Modificationofthedecayrateforanemitterwith λem=1R4Mnmembeddedinsilicaasa
functionofthedistancefromasilveroverlayerEε=-11RKTR+9KSMiFK qhetotaldecayraterate
issplitupintothethreedecaychannelsEiKeKIradiativeIpmmsmodesandiptKF
AsanexampleIincigKEOK1MFthedifferentcomponentsofthenormalizeddecayrateare
plottedforanbr-likeemitterEλem=1R4MnmFembeddedinsilicainfrontofasilverfilmEε=-
11RKTR+9KSMiFK AtsmaldistancesEM<z<λ/RMFthenon-radiativecontributionduetothe
couplingwithiptisdominantK thenthedistancefromthesurfaceincreasesIiptcontri-
butionbecomesnegligibleIpmmsmodesandlocaldensityofstatesfluctuationareresponsible
forthevariationofthespontaneousemissionlifetimeKqhecouplingwithpmmsmodesfades
withthedistancefromtheoverlayerbutitisappreciabletoadistancealmostequaltothe
λemIshowinghowbrionscanefficientlycoupletotheAg/pilOinterfacewhenthedistance
betweenbr:pilOandnoblemetalinterfaceisoptimizedK
fnordertoquantifythepmmmodescontributionEγpmmFtothetotaldecayrateIthesharp
peakjustabovethelightlinehastobeintegratedasafunctionofuEseecigKOK9FK Asa
resultIalsothecontributionofthelossysurfacewavesEγiptFcanbedeterminedasfolows:
γipt=γnr−γpmmI EOKOPF
andthenear-fieldradiativeefficiencyEq∗cFisgivenby:
q∗cEzF= γr+γpmmγr+γpmm+γipt EOKO4F
qhetworadiativeefficienciesqceq∗ccanbeseenaslimitingcasesKfnanidealcasewherealtheenergyassociatedwiththesurfaceplasmonscanbecoupled-outEeitherbybrP+re-
excitationorbytheengineeringtheoverlayergeometryFIγpmmcanbeconsideredasanactual
radiativedecaychannelalsointhefar-field[T1]K
AccountingthebrdepthdistributionEfEzFFasdescribedinsectionOK4IΓrIΓpmmandΓipt
canbecalculatedforanbr:pilOthinfilmwithanoblemetaloverlayerKqhenear-fieldand
far-fieldradiativeefficiencyforthesamplespOAgIpOAuandpPAgarereportedinqableOKTK
OK9Conclusions PT
qableOKT:qhevaluesofΓrIΓpmmIΓipt andacomparisonoftheradiativeefficiencycalculatedwithEOK19F
andwithEOKO4FarereportedforthesamplepOAgIpOAu andpPAg
pample Γr[s−1] Γpmm[s−1] Γipt[s−1] qc q∗c
pOAg PUKS OTKR PRKS MKPU MKSR
pOAu PUKT OTKO PRKR MKPU MKSR
pPAg S9K4 19KP MK9 MKTT MK99
cromthevalueslistedinqableOKTIitisclearthatthepmmcontributionisconsiderableinal
thesamplesunderstudyandthatatbrbiumemissionwavelengthnodifferenceareappreciable
betweenAuandAgopticalythickfilmsKoemarkablyIthenear-fieldradiativeefficiencyEq∗cFinthesamplepPAgreachesthe99%withasignificantreductionofbrP+lifetimeK
OK9 Conclusions
qheenhancementofbrbiumradiativedecayratehasbeenprovenforfourdifferentmetalic
andasemiconductoroverlayerIshowingthatagoodcontrolovertheradiativepropertiesof
brbiumionscanbeachievedactingonthedistancebetweenbr:pilOfilmandtheinterfaceKA
reductionupto1/Poftheinitialvalueofbrbiumlifetimewasobservedduetotheinteraction
withaqiandCrfilmsK MoreoverIforalthedifferentoverlayersthevariationisingood
agreementwitha modelthattakesintoaccountvariationsinthelocaldensityofstatesI
excitationofsurfaceplasmonsandlossysurfacewavesKqhusItheefficientcouplingbetween
bremissionandpropagatingsurfaceplasmonsatthepilO–noblemetalinterfacehasbeen
provenIshowingthatifthepmmscanbeefficientlycoupledoutItheradiativeefficiencyofthe
brP+transitionat1R4MnmcanbestronglyenhancedK

P Controlofbrbiumemissionlifetimeat
1R4Mnmbyinteractionwithkanoeole
Arrays
PK1fntroduction
fnthestudyofthevariationofthebrP+decayrateat1R4Mnmduetothepresenceinclose
proximityofametalicinterfaceIithasbeenfoundthatbrradiativeemissioncanefficiently
couplewithpmmmodesonthenoblemetal-silicainterfaceK qhiscouplingcansignificantly
shortenthelifetimereducingthepermanenceoftheionintheexcitedstateandthusthe
probabilityofnon-radiativerecombinationsKqhechalengestilremainstocoupleoutaseffi-
cientlyaspossiblethesurfaceplasmonsinthefarfieldradiationKlnepossiblesolutiontothe
problemcomesfromplasmonicnanostructuresthatIduetotheelectromagneticfieldconfine-
mentandthenear-fieldenhancementIcaninprincipleenhancetheluminescentpropertiesof
emittersplacedincloseproximityKfnrecentyearsIalotofworkhasbeencarriedoutonthe
interactionbetweenanemitterandaplasmonicnanoparticleshowinghowtheenhancement
orthequenchingoftheluminescenceisfunctionofthedistancefromthenanoparticle[T]Kpur-
prisinglyIthekanoholeArray-emitterinteractionIinsteadIhasstiltobedeeplyinvestigated
andonlyfewworksarepresentinliterature[?I?I?I?I?I?]Kqhepeculiarfeaturethatmakes
themattractiveforenhancementofthebrP+miemissionat1R4Mnmistheextraordinary
opticaltransmissionEblqFKblqrelatestothepossibilityofobtainingahugeenhancementin
thelighttransmittedthroughanorderedarrayofsub-wavelengthholesdriledinaotherwise
totalyopaquemetalicfilmKblqcanbeexploitedinnanophotonicswhenresonantlycoupled
totheemissionwavelengthoftheemittersothataremarkablechangeofthelocaldensityof
statesEialpFcanoccurwitharelatedpossibilitytochangethequantumefficiencyofthe
emitterK MoreoverIpmmsmodespropagatingonthekeA-dielectricinterfacecancoupleout
infar-fieldradiationwithouttheuseofprismsoradditionalgratingsEiKeKIkeAisitselfaOa
gratingFKfnthepresentchapterthebrP+-keAinteractionwilbeinvestigatedbothexperi-
mentalyandwithfiniteelementmethodEcbMFsimulationsIstudyingthelifetimevariation
asafunctionofkeAopticalpropertiesandtheseparationdistanceK
PKOpurfaceplasmons
auetothehighabsorptioninthevisiblerangeIforlongtimetheuseofmetalsinthephotonic
fieldwaslimited;nonethelessinthelastdecadesImetalstructureshavegainmoreandmore
importancebecauseoftheiruniqueabilitytoconfinelightatlengthscalessmalerthanthe
wavelengthKqhispeculiarfeatureemergesfromthepossibilityofexcitatingsurfaceplasmons
thatcanconfineelectromagneticfieldsoverdimensionsontheorderoforsmalerthanthe
wavelengthK qheinteractionprocessesbetweenelectromagneticradiationandconduction
P9
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electronsatmetalicinterfacesorinsmal metalicnanostructuresinducestheenhancement
oftheopticalnear-fieldofsub-wavelengthdimension[P]K
qwodifferentkindofsurfaceplasmonshavetobedistinguish:purfacemlasmonmolaritons
EpmmsFandiocalizedpurfacemlasmonsEipmsFK
purfaceplasmonpolaritons
thenelectromagneticradiationcoupleswiththeoscilationsoftheelectronplasmaIelectro-
magneticsurfacewavesmaybeexcitedK qhisisonlypossibleattheinterfacebetweentwo
materialswithoppositesignintherealpartoftheirdielectricfunctionEeKgKIametalandan
insulatorFKqheexcitedwaveisinthiscasetrappedattheinterfaceIevanescentlyconfinedin
theperpendiculardirectionKqheresultingexcitationsarecaledpurfacemlasmonmolaritonsK
auetotheconfinementoftheradiationinsub-wavelengthdimensionsIthefieldisstrongly
enhancedattheinterfaceK
qhecouplingoflightwithpmmscanbedescribedstartingfromthewaveequation:
∇Ob− εcO
∂Ob
∂tO=MK EPK1F
AssumingaharmonicdependenceofthefieldbEiKeKIbErItF=bErFe−iωtFtheeelmholtz
equationcanbewritten:
∇Ob+kOMεb=MI EPKOF
wherekM=ω/cisthewave-vectorofthepropagatingradiationinvacuumK qhesimplest
geometrysustainingpmmsisasingleflatinterfaceEplacedatz=MFbetweenadielectricInon-
absorbinghalfspaceEz>MFwithpositiverealdielectricconstantEεdFandanadjacentconduct-
inghalfspaceEz<MFdescribedbyadielectricfunctionεmEωF[P]Kfnthisgeometrypropagating
wavesaredescribedbytheequationbExIyIzF=bEzFeiβxIwithβ=kxbeingacomplexpa-
rametercaledpropagationconstantIcorrespondingtothecomponentofthewave-vectorof
inthedirectionofpropagationK
fmposingcorrectboundaryconditionsonfieldsIthesolutionoftheequationEPKOFEtogether
withtheoneforeFgivesthedispersionrelationsofapmmspropagatingattheinterface
betweenthetwohalfspaces:
β=kM εmεdεm+εdI EPKPF
qhisrelationisvalidforbothcomplexandrealεmIiKeKIformetalswithorwithoutattenua-
tionKfnfigurePK1isshownthedispersionrelationsofpmmsforaarudemetalwithnegligible
dampingatairandsilicainterfaceKqhepmmexcitationscorrespondtothepartofthedisper-
sioncurveontherightsideofthelightlineIthusdirectpmmsisnotpossibleduetothelack
ofanextramomentumandspecialtechniquesareneededforphasematchingKqhesimplest
techniquesaretheprismcouplingandthegratingcouplingK
iocalisedsurfaceplasmons
pmmsarepropagatingIdispersivebMwavescoupledtotheelectronplasmaofaconductor
atadielectricinterfaceK thereasiocalizedpurfacemlasmonsEipmFarenonpropagating
chargedensityoscilationsconfinedtometalicnanoparticlesornanostructuresK thenlight
interactswithmetalicparticlesmuchsmalerthantheincidentwavelengthItheelectronsof
PKOpurfaceplasmons 41
cigurePK1:aispersionrelationsatarudemetal/airEεd=1Fandarudemetal/fusedsilicaEεd=OKORFinterfaceK
qhefrequencyEωFisnormalizedtotheplasmafrequencyEωpFKpolidlinesrepresentrealwave-
vectorβIdashedlinesrepresentimaginarywave-vectorKqhelightlinesEω=kcFarealsoshown[P]K
ananostructurecancoupletotheelectromagneticfieldK qhecurvedsurfaceoftheparticle
exertsarestoringforceonelectronsIsothatresonancesmayarisewhentheparticleisplaced
inanoscilatingbMfieldK qheseresonancespromoteafieldenhancementbothinsidethe
particleandinthenear-fieldzonearounditKfncontrasttopmmsIipmscanbeexcitedby
directlightIwithoutanyspecialtechniqueK qhefrequencyoftheresonancedependsonthe
metalItheshapeandthesizeoftheparticlesandfromthedielectricconstantofthemedium
embeddingthenanoparticlesKcorsphericalparticlestheMietheoryalowsafultreatment
ofthescatteringproblembyasinglenon-interactingsphericalparticle[?I?]KeoweverIwhen
theshapeofaparticlehasnotparticularsymmetriesorwhendealingwithensemblesof
particleItheproblembecomesverycomplexIageneralanalyticsolutiondoesnotexistand
computationalmethodsbecomenecessaryK
PKOK1 kanoholearray
AkanoholeArrayEkeAFisaEmetalFthinfilmIwhosethicknessusualyrangesfromsome
tenstosomehundredsofnanometresIhavingpassing-throughholesarrangedinanEorderedF
OaarrayKlpticalyIkeAshavetwointerestingfeaturesIstrictlyrelateonetotheotherKqhe
firstoneistheabilitytocouplephotonstosurfaceplasmonswithouttheneedofaprismIthus
actingasagratingKqhesecondfeatureistheso-caledbxtraordinarylpticalqransmission
EblqF[?I?IS]KfnblqIalthoughthethicknessislargerthantheattenuationlengthfor
photonsIandtheholesdiameterissmalerthantheλ/OAbbe’slimitfortransmissionIlight
canpassthroughthekeAinawaywhichisforbiddenbygeometricalopticsKqheblqwas
firstobservedbybbbesenetalKin199U[S]andsincethenhasattractedanincreasinginterestK
qhepropertiesofkanoholeArraysarerelatedtotheirabilitytoefficientlyconvertlightinto
surfaceplasmonsbyprovidingthenecessarymomentumfortheconservationinthecouplingK
qheextraordinarytransmissionprocesscanbedividedintoPphases:thecouplingoflightto
thepmmontheincidentsurfaceIthetransmissionthroughtheholeandthere-emissionfrom
thesecondsurfaceKqhusItheblqresideonthecouplingrelationsonbothsurfacesIandthe
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transmissionmaximumconditioncanbederivedfromtheconservationofmomentum:
ksp =k±mdI EPK4F
wheredx=dy=Oπ/aMarethelatticebasevectorsforsquarelatticeandkx=Oπ/λis
themomentumoftheincidentlightK corlatticeswithhexagonalsymmetryIthemaximum
conditionfornormalincidentlightisgivenby:
λmax= aM4
PEiO+ij+jOF
oe εmεdεm+εd I EPKRF
whereεmandεdarethedielectricfunctionofthemetalandofthedielectricincontactwithitI
andiandjarethescatteringordersKdiventhedispersionofthemetalIitsdielectricfunctionis
notconstantIthereforetherelationmustbeusedexclusivelytogetthemaximumwavelengthK
qhisrelationdoesnottakeintoaccounttheshapeoftheholesIthusthelossesattheedgesof
theholesarenotconsideredandmaymodifythepositionofthemaximumKbxperimentalyIit
hasbeenobserved[?I?]thatIduetothiseffectItheresonancesresultslightlyred-shiftedwith
respecttothosepredictedbyeqKEPKRFK MoreoverItherelationisvalidforasingleinterfaceK
thenthekeAisincontactwithasecondsurfacewithadifferentdielectricconstantIthe
wavelengthoftheblqpeakswouldbemodifiedIandinthetransmittancespectrumtwoset
ofpeakswilariseIoneforeachinterfaceKqhisistheusualcaseforananoholearrayonglassI
withairattheotherinterfaceKqhesizeandshapeoftheholeshavealsoanimportantrole
intheextraordinarytransmissionoflightIchangingholesshapefromcirculartosquarealso
thetransmissionpatternofthekeAwilbemodified[?I?]K qheholeshapeIindeedIwil
affectboththecut-offwavelengthandtheipmmodesassociatedwitheachholeK eoweverI
thepmmmodesdeterminedbytheperiodicityofthearraydominateinthetransmittance
spectrumformation[?]Klneinterestingfeatureofholearraysisthefactthateachholeonthe
outputsurfaceactslikeanewpointsourceforthelightKqhereforeIifaplanewaveimpinges
ontheinputsurfaceIthenaplanewaveisreconstructedthroughclassicalinterferenceas
thelighttravelsawayfromtheoutputsurface[?]K auetothesepeculiaropticalproperties
keAsarefindingmanypotentialapplicationrangingfromsubwavelengthoptics[?I?I?I?]
andoptoelectronics[?I?I?]tochemicalandbiosensing[?I?I?I?I?]K qhepresenceEandthe
abilityofphotoncouplingFofplasmonicandholesmodesisthekeyinthemodificationof
iocalaensityoflpticalptatesEialpFK
PKP kanoholeArrayfabrication
tiththerapiddevelopmentinrecentyearsofnano-fabricationtechniquesImanydifferent
methodscanbeusedtofabricatekeAsdependingonthesizeregimeK qhemostcommon
areblectronBeamithographyEbBiFandcocusfonBeamEcfBF;bothofthemcanproduce
apertureswitharbitraryshapeandsizedowntofewofnanometersduetothehighresolutionK
konethelessthemaindisadvantagesofthesetechniquesarethattheyareextremelyexpensive
intermsofbothtimeandcostandthepatternedareaisrathersmalEusualylessthen1mmOFK
ApossiblealternativeisrepresentedbythekanopphereithographyEkpiFcombinedwith
oeactivefonbtchingEofbFKfnthepresentworkitwasadoptedthisapproachKqhesynthesis
processforthefabricationofkeAswiththesetechniquescanbedividedinthreemainsteps:
EiFself-assemblyofasinglelayercoloidalnanosphereofmolystyreneonthesubstratesurfaceI
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EiiFreductionofthespheresizebyofbprocessandEiiiFmetaldepositionviasputtering
techniqueKfnthefolowingabriefdescriptionofthesynthesisprocesswilbegivenK
PKPK1 kanopphereithography
kanopphereithographyEkpiFcanbeconsideredasaninexpensiveIhigh-throughputself-
assemblytechniquethatproducestriangularlyshapednanostructureswithtypicalsizethat
rangesfromaboutOMnmto1µmK lneofthemainadvantagesisthatthepatternedarea
canextendoverseveralcmOorevenmore[?]K kpiwasdevelopedbysanauyneandco-
workersandprovidesamethodtofabricatenanoparticlearrayswithatunablelocalizedsurface
plasmonresonanceEipmoF[?I?I?]Kftisbasedontheself-assemblyofamonolayerofsize-
monodispersesphericalnanoparticlestoformacoloidalcrystalonthesubstratesurfaceI
thatinturnisusedasamaskforthemetaldepositionK Manymethodscanbeusedfor
depositionofthenanoparticlesonthesubstratelikespincoatingIdropcoatingIdipcoating
andthermoelectricalycooledanglecoatingK qhechosenmethodisbasedontheworksof
pchatz[?]andusesacoloidalsuspensionofpolystyreneEmpFnanospheresinultra-purewater
andalcoholK qhefirststepisthecleaningofthesubstrateina"mirahna"solutionEaP:1
mixtureofconcentratedsulphuricacidwithPM%hydrogenperoxideFKqhesubstrateisthen
rinsedwithMili-nwateranddriedinastreamofnitrogenKqhesuspensionofmpnanoparticles
andisopropylicalcoholispouredonthecleansubstrateandslowlyimmersedinalargeglass
vesselfiledwith Mili-nwaterK mpparticlesself-assembleatthemeniscusbetweenalcohol
dispersionandwaterbathItheresultingcompactmonolayerfloatsonthewatersurfaceIand
itiscolectedonthesubstratesurfaceandslowlypuledoutanddriedatroomtemperatureK
Astheliquidevaporatesthecapilaryforcespulthempnanospheretogetherformingaclose-
packedcoloidalcrystalwithhexagonalsymmetrythatisusedasatemplateforthesuccessive
stepsofthefabricationprocessKfncigKPKOEaFisshownasketchofthepchatz’skpitechniqueI
whileincigKPKOEbFapbMimageofaself-assembledmonolayerofmpnanoparticleswith
diameterd=9MMnm;itisworthobservingthatthesingledomaincoloidalcrystalextends
overtensofµmOK
EaF EbF
cigurePKO:EaFpchematicrepresentationofthekipprocessKEbFpbMimageofaself-assembledmonolayer
obtainedinthepresentworkwithmpnanoparticleswithsized=9OMnmK
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PKPKOoeactivefonbtching
corthefabricationofthekeAsIthediameterofthempnanoparticlesofthecoloidalcrystal
hastobereducedkeepingunchangedthelatticepositionofthespherestoobtainonthe
samplesurfaceaOaperiodicnon-closed-packedarrayofmpnanoparticleIthatwilbeusedas
amaskforthesubsequentmetaldepositionK qhereforeanychemicalwetetchingtechnique
hastobeavoidbecauseitwilaltertheperiodicityandtheorderofcoloidalcrystalKoeactive
fonbtchingIinsteadIcanreducethenanospheresizewithoutalteringtheirorderK ofbis
awelestablisheddrymicro-andnano-fabricationtechniquethatusesachemicalyactive
plasma;itcombinesthemechanicalerosionfromtheplasmawiththechemicalreactivityof
theionizedspeciesthatreactwiththesubstrateformingvolatileby-productsK qheetching
isanisotropicandchemicalyselectiveIandthegasmixturedeterminestheetchedspeciesK
qhemostimportantparameterscontrolingtheetchingratearethegascompositionIplasma
energyandworkingpressureKqoreducethempnanoparticlesizeithasbeenchosentowork
withamixtureofArERR%FandlOE4R%Fgasatapressureof4×1M−Ombarwithanapplied
powerofOR tKcigKPKPEaFshowsthenanospherediameterEinitialsizedM=ETOM±RFnmFasa
functionofetchingtimeKqhetrendismonotonicbutnonlinearsincetheetchingdirectionis
perpendiculartothesamplesurfaceandproducesnanoparticleswithacharacteristicdouble-
lensshapeEseepbMcrosssectionincigKPKPEbFFK AparabolicfunctionEreddashedlinein
cigKPKPFfitsweltheexperimentaldataKqhusIthekeAholesizecanbeeasilytailoredacting
ontheetchingdurationK
EaF EbF
cigurePKP:EaFbtchingrateformpnanosphereswithd=TOMnmKqheexperimentaldatewerefittedwitha
parabolicfunctionEreddashedlineFKEbFpbMcrosssectionimageofanetchedself-assembled
monolayerofmpkmswithdM=TOMnmKofbduration:OOminK
PKPKP Metaldeposition
lncetheOaperiodicarrayofmpnanoparticleshasbeenobtainedIithasbeenusedasatem-
plateforanoblemetaldepositionKqhemetalwildepositbothonthetopofthenanoparticles
andonthesurfaceofthesubstrateIinthegapregionbetweentheetchedspheresKqhenoble
metaldepositionwasperformedbymeansofadirectcurrentEaCFsourceofamagnetron
sputteringsystemK qhesampleholderwasplacedinfrontoftheaCsourceIparaleltothe
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surfaceofthetargetinordertohaveacolimatedsputteredatomfluxthatcanreplicatethe
patternoftheetchedmaskK qhepowerofthesourcehastobekeptaslowaspossibleto
avoidtheheatingofthesampleandthusthemeltingofthempnanoparticlesKAfterthefilm
depositionIthempnanospherescanremovedbyultrasoundsonicationintolueneIleavinga
metalicnanoholearrayonthesamplessurfaceK AsanexampleIcigKPK4EaFshowsapbM
imageofagoldkeAobtainedfrommpnanoparticlewithadiameterd=9OMnmItheofbpro-
cesshasbeencarriedoutinAr+lOatmospherefor4Mminandthedepositedmetalthickness
ist=1OMnmKftisworthnotingthatthedefect-freeOaperiodicholearraywithhexagonal
symmetryextendsoverseveralµmOKcigKPK4EbFreportsthetransmittancespectraatnormal
incidenceofthreegoldkeAswithdifferentlatticeparametersEaM=TOOI9OMI1P4MnmF;the
broadpeakinthekforegionassociatedwiththeE1IMFBraggresonanceblqisfunctionof
thelatticeparameterIanditswavelengthmaximumcanbetailoredsimplybychoosingthe
properdiameterofmpnanoparticlesEd=aMFK
EaF EbF
cigurePK4:EaFpbMimageofagoldkeAwithaM=9OMnmKEbFlpticaltransmittancespectraatnormal
incidenceofAukeAsonsilicasubstratewithdifferentlatticeparametersEiKeKIaM=TOOI9OMand
1P4MnmFK
PK4ciniteblement Methodsimulations
pinceatheoreticalmodelthatpredictsthevariationoftheemissionpropertiesofanemitter
closetoakeAhasstiltobedevelopedIfiniteelementsmethodEcbMFsimulationswere
usedtobothpredictthelifetimevariationandgainmoreinformationaboutthenear-field
oftheemitterIotherwisenotaccessiblewithexperimentalmethodsKcbMsimulationswere
performedwiththecommercialsoftwareClMpli Multiphysics4KPb[?]inthefrequency
domainEciniteaifferencecrequencyaomainEcacaFFKpimulationshavebeencarriedout
consideringonedipoleatatimeKqhesignalfromanarbitrarydistributionofdipolesandtheir
variationsofdecayrateswerethenrecoveredbyintegratingtheresultsfromdifferentlyplaced
dipolesKcorthispurposethecommonapproachusedforthesimulationofperiodicalyordered
structuresIconsistinginthemodelingofaunitcel withperiodicboundaryconditionswas
notsuitablebr:pilO-keAgeometryKqhisapproachIindeedIwouldgenerateamirrordipolein
eachcelIthusthesimulationwoulddescribeasystemwheredipoleshavethesameperiodicity
ofthenanostructureIwhichisnotthecaseKqhealternativeistoextendthesimulationdomain
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toincludeseveralunitarycelstogetherIusingmerfectlyMatchediayerEmMi-anadditional
EartificialFdomainthatabsorbstheincidentradiationwithoutproducingreflectionsFatthe
boundariestosuppressbackscatteringK corthecorrectimplementationofthemodelIthe
minimumsizeofthedomainhastobetheonethatensuresthatnear-fieldfromthedipole
emissionvanishesbeforereachingtheboundariesK
AsafirststepItheeffectofasemi-infinitefilmhavebeenmodeledtodeterminethedomain
minimumsizeandtovalidatethemethodusingasabenchmarktheelectrodynamicalderiva-
tionproposedbyChanceetalK[SO]IanddiscussedinthesectionOK4K Asimulationdomain
surroundedbyasphereofradiusEo∼PλemFwasfoundtobeenoughforthecorrectmodeling
oftheemitterlifetimevariationincloseproximityofaninterfaceIasitwilbeshowninthe
folowingK qosimulateanbr-likeemitterEλem=1R4MnmFinteractingwiththefilmIthedo-
mainhavebeendividedintotwohemispheresIonerepresentingthesilicamatrixItheother
representingthefilmK qheinterfacehasbeenplacedatthez=MplaneK aipoleshavebeen
placedsothattheirprojectionontheinterfaceplanefalsinthecenterofthesimulatedsphere
Ex=MIy=MFKqhezcoordinateofthedipolesEiKeKIthedistancefromtheinterfaceFhavebeen
variedfrom1nmto1MMMnmK
cigurePKR:ComparisonbetweensimulationEpimFandCmpmodelforthevariationofthenormalizeddecay
rateofanbr-likeemitterEλem=1R4MnmFasafunctionofthedistancefromagoldfilmK
coreachzpositionIthedecayrateforadipolewithparalelEγpFandperpendicularEγtF
orientationwithrespecttotheinterfacewascalculatedK qhenormalizeddecayratewas
evaluatedintegratingthemoyntingvectorEpFonaclosedsurfaceEΣFencirclingthedipole
anddividingbythedecayrateEγrMFcalculatedwithouttheinterfaceEε1=εpilO=OKMURF:
γr
γrM=
Σpdσ
ΣpMdσ
EPKSF
fncigKPKRtheresultingvaluesofγtandγpareplottedasafunctionofthedistancefroma
goldfilmEεO=-11SK91+9KTPiFKqhesimulatedvariationofthedecayrateEredlineFforboth
orientationsisinperfectagreementwiththeresultobtainedbytheCmpmodelEblacklineFI
thusvalidatingthesimulationparameterschosenforthemodelingofemitter-filminteractionK
qotakeintoaccountthebrdistributioninthezdirectiontypicalforthebr:pilOco-sputtered
filmsItheproceduredescribedinsectionOK4hasbeenusedIleadingasexpectedtothesame
calculatedlifetimevaluesK
PK4ciniteblement Methodsimulations 4T
qhesimulationsoftheemitter-keAinteractionhavebeencarriedoutinananalogouswayK
fnthiscaseIthewholesimulateddomainisconstitutedbysilicaEcKfKsectionPKRK1FIexceptfor
thekeAfilmextendingintheuvplaneIandcentredatz=MIasshownbycigKPKSKrnlike
thefilmgeometryIthetranslationalinvarianceintheuvplanedoesn’tholdanymoreandit
hastobereplacedwiththeperiodiceoneycomblatticeresultingfromthekpiprocessKAs
alreadydiscussItheperiodicboundaryconditionscannotbeusedforthecorrectevaluation
ofthedecayvariationduetothereplicationoftheemitterKqhusI19uvunitcelshavebeen
modeledIinordertoobtainthedomainsizedeterminedforthefilmgeometryKBecausethe
periodicityofthelatticeIthebehaviouroftheemittercanbesampledinoneunitarycelonlyK
MoreoverIduetothesymmetriesinxˆandˆydirectionIthehexagonalunitcelcanbereduced
toonlyaquarterIasshownbycigKPKTEaFK
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cigurePKS:tireframeviewsofthekeA-emitterinteractionmodel:uvtopviewEaFIvwcrossmodelEbFI
uvwPaviewEcF
cigurePKT:EaFConstructionofthe tigner-peitzEtpFcelK aashedlinesrepresentthesymmetryplanes;
blacklineisthe tpcel;redlineencirclesthesampledcelexploitinglatticesymmetriesandxˆ
andyˆsymmetriesKEbFpamplinggridintheminimalcel:OTpointsK mointsontheedgesand
verticeshaveacoefficientcij<1inaveragesK
lncetheminimumcelhasbeendefinedIforeachzvalueagridwithOTpointsrepresenting
thedipolepositionintheuvplanehavebeendefinedaccordingtocigKPKTEbFItosample
asaccuratelyaspossiblethewholecelK MoreoverIforeachpositionintheuvplaneP
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cigurePKU:pimulatedγEzFasafunctionofthedistancefromaAukeAforanbr-likeemitterEγM=TMs−1
EdashedlineFIλem=1R4MnmFplacedatdifferentpositionsintheuvplaneKqhecolorgradient
representstheprojecteddistanceEr= xO+yOFformthecentreoftheholeK keAlattice
parameterisaM=1MPMnmIholediameterd=SMMnmandmetalthicknesst=1OMnmK
differentdipoleorientationhavetobetakenintoaccountIsinceinadditiontotheperpendicular
orientationItheparalelonehastoconsideredalongxˆandyˆtheaxesofthekeAKqhusI
whentheemittershaveanisotropicorientationconfigurationthedecayratebecomesγiso=
1/PEγt+γpx+γpyFKAsanexampleIcigKPKUshowsthedecayrateEγisoFfortheOTpositionsof
anbr-likeemitterasafunctionofthedistancefromakeAwithlatticeparameteraM=1MPM
nm;theblacklinerepresentsthedipoleatthecenteroftheholeKqhecolorsareaslighteras
theprojecteddistanceEr= xO+yOFfromthecenteroftheholeincreasesandthevariation
ofthedecayratebecomesmoreprominentforsmaldistancesfromthekeAKAsacomparisonI
thebluerepresentstheresultobtainedintheplaneAufilmcaseKcurthermoreIitisworth
notingthatintherangeM<z<λem/Otherearetworegionsatz∼OMMnmandz∼SMMnm
wherethemodificationofthelifetimeisalmostinsensitivetothepositionoftheemitterin
theuvplaneK
qoaveragedipoleemissioninthiscaseItheequationOK1Pmustberewrittenconsidering
thedifferencesgivenbytheuvpositionoftheemitterKqheintegralisstilpresentintheˆz
directionIwhileintheuvplaneItheintegrationissubstitutedbyasumovertheOTemitter
positionssampledintheminimumcelanddenotedbythecoupleofiandjindices:
fmiEtF=fMA
iIj
cij
+∞
M
fExiIyjIzFe−γisoExiIyiIzFtdzI EPKTF
wherethecoefficientscijaccountforthenormalizationofthepointssharedbyadjacentcels
andA=1/ ijcijisaglobalnormalizationfactorK
PKRbr-keAinteraction
qhepresenceofananostructureincloseproximitytobrionscaninprinciplebothenhance
orquenchthecharacteristicemissionat1R4MnmKfthasbeendemonstratedthatwhena
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plasmonicnanoparticlesisclosetoanemittertwocompetitivemechanismstakeplace:the
near-fieldenhancementandthereductionofthequantumefficiencyduetoenergytransferto
thenanostructureK ConverselyIduetothelackofadevelopedtheoreticaldescriptionofthe
phenomenonItheinfluenceofakeAtheemissivepropertiesofopticalyactivespecieshas
stiltobedeeplyinvestigatedK qothispurposeinthepresentsectionthevariationofbrP+
lifetimeat1R4Mnmwilbeinvestigatedbothexperimentalyandwithcomputersimulation
asafunctionofthedistanceandthekeAopticalpropertiesK
PKRK1pamplesynthesis
qhebr:pilOthinfilmsweredepositedonOKR×OKRcmOsilicasubstrateEepnPMMbyeeraeusF
bymeansofamagnetronco-sputteringsystemKfnadditiontothehighcontroloverboth
thefilmthicknessandthedopantconcentrationIsputteringdepositiontechniqueoffersthe
possibilitytodepositundopedsilicaontopofthebr:pilOfilminasingleprocessIthusthe
distancebetweenthebrdopedlayerandthesamplesurfacecanbefinelytailoredK Before
thedepositionIsilicasubstrateswerecleanedina“piranha”solutionEPM%eOlOITM%eOpl4F
forOMminandcopiouslyrinsedwith Mili-nwaterE1U MΩresistivityFK qheoc-powerto
theOinKdiametersilicatargetwasfixedatORM twhiletheaCpowertothebrbiumO
inK diametertargetwasP tforobtaininganbrconcentrationof1KM%atKEdetermined
byoBpmeasurementFK auringthedepositionsIthesampleholderwasrotatedtohavea
goodhomogeneityofthefilmcompositionandthicknessKcoralthesamplesthebr:pilOfilm
thicknesswasOMnmIwhilesilicaspacerswiththreedifferentthicknessesEtpilOFweredepositedontopIcorrespondinglythesampleswerelabeledasA1MEtpilO=1MnmFIAPMEtpilO=PMnmFandA1MMEtpilO=1MMnmFK qhesampleswerethencutinthreepiecesIonewasleftasareferenceIontheothertwoAukeAswithtwodifferentlatticeparameterwerefabricated
EaM=1MPMand1OUMnmFKqhereferencesampleswereannealedat9MM℃forOhoursinvacuum
andthebrP+lifetimeEτFwasdeterminedviamimeasurementsunderresonantexcitationat
λ=4UUnmatroomtemperatureKqhemeasuredτvalueswere11KUI11KTand1MKSmsforthe
samplesA1MIAPMandA1MMIrespectivelyKAsalreadydiscussedIthelifetimevariationhasto
beattributedtothedifferentdistancesofthebr:pilOfilmfromtheairinterfaceEiKeKIsurface
ofthesampleFK tiththeproceduredescribedinsectionOK4K1thenon-radiativedecayrate
EΓnrMFwasdeterminedtobeEPO±PFs−1K
qhekeAswerefabricatedonthesurfaceofthenot-annealedsampleswithincreasing
silicaspacerwithacombinationofkpiandofbtechniquesIasdescribedinsectionPKPKmp
nanoparticleswithdiametersof1MPMnmand1OUMnmwereusedforthekpiKofbtreatment
wasperformedtoreducethediameterofthempnanospheresIretainingtheiroriginalordered
latticearrangementK qheetchingtimehavebeenset4Pminand4Uminforthe1MPMnm
and1OUMnmsphereIrespectivelyKqheradiusoftheetchednanospheresEandthustheradius
oftheobtainednanoholesFwasreducedbyafactoraboutO/PfromtheoriginalsizeK After
theetchingIagoldfilmlayer1OMnmthickhasbeendeposedbyaCsputteringonthekpi-
patternedsurfaceK cinalyIthempnanosphereswereremovedbyultrasoundsonicationin
tolueneIleavingagoldnanoholearrayonthesamplessurfaceK qhesampleswilbelabeled
folowingthenotationusedforthereferencesampleswiththeadditionofthekeAlattice
parameterEiKeKIsampleAPM-1MPMIhasasilicaspacerEdistancebetweenbr:pilOandkeAF
ofPMnmandAukeAwithaM=1MPMnmFK qopreventshapemodificationduringthe9MM
℃ annealingnecessaryforthebrP+miactivationIa4MMnmthicksilicafilmwasdeposited
ontoponofthekeAsKfncigK PK9EbFareshownthetransmittancespectraatnormal
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cigurePK9:EaFAcMtopographyofthesampleA1MM-1MPMafterthesilicadepositionandthebrP+activation
annealingKqheimagehasbeenacquiredinasemi-contactmodebymeansofakq-Maqpolver-
mroAcMKEbFlpticaltransmittancespectraatnormalincidenceforthesampleAPM-1MPMand
APM-1OUMbeforeandafterthesilicadepositionandtheannealingK qheverticaldashedlines
indicatethebrP+excitationandemissionwavelengthsIinblueandredrespectivelyK
incidencefortheAPM-1MPMandAPM-1OUMsamplesbeforeandafterthesilicadepositionand
theOh9MM℃annealinginvacuumKqhesilica-cappedsamplesshowablue-shiftoftheblq
peakwithasignificantincreaseofthemaximumtransmittanceK qhesetofsampleswith
aM=1MPMnmexhibitaE1IMFBraggresonanceblqpeakmaximumthatmatchesthebrP+
characteristicemissionwavelengthEλ=1R4MnmFIwhilefortheaM=1OUMnmsamplestheblq
peakisshiftedtolargerwavelengthsKftworthnotingthatdespitethemulti-stepsynthesis
processInodifferenceinthetransmittancespectraweredetectedbetweensampleswiththe
samelatticeparameterIshowingthegoodreproducibilityofthenano-fabricationprocessKcigK
PK9EaFshowsanAcMtopographyoftheA1MM-1MPMsampleafterthesilicadepositionandthe
brP+activationannealingIitisinterestingnotingthatdespitethethicksilicafilmEt=4MMnmF
thesurfaceofthesampleisstilpatternedwiththekeAgeometryK
PKRKOmimeasurements
qocharacterizethebrP+luminescentemissionpropertiesofthesamplesandinvestigatethe
interactionmechanismsbetweenthebrionsandAukeAsIphotoluminescenceEmiFmea-
surementswereperformedEbothintegratedandtime-resolvedFatroomtemperatureusing
resonantEλ=4UUnmFandout-of-resonanceEλ=4TSKRnmFbrexcitationconditionsKACtAr
laserwasusedasexcitationsourceKqhelaserlineswereselectedbyinterferencefiltersKqhe
experimentalset-upisdescribedinsection1KPK1K
rnderresonantexcitationnodifferenceinthemipeakpositionorshapeweredetectedKcigK
PK1Mreportsthemidecaycurvesatλ=1R4MnmofthetwosetsofsampleswithdifferentkeA
sizeandthereferencesampleAPMK Althesamplesarecharacterizedbysingleexponential
decaythathasbeenfittedwiththefunctionfmi=fMexpE−t/τFtodeterminethebrlifetimeK
tithbothkeAlatticesizeasignificantreductionofthebrlifetimeat1R4Mnmhasbeen
observedKqheirreductionisafunctionofthedistancebetweenthebr:pilOfilmandthekeA
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andtheeffectishigherasthedistancedecreasesKqhetransmittancespectraweremeasured
atnormalincidencewithrespecttothekeAplaneIwhiletherareearthemissioninaglassy
matrixisingeneralangularlyisotropicIthereforeitisdifficulttoestimateapriorithematching
oftheblqpeakwithbrP+emissionwavelengthK konethelessIitisinterestingnotingthat
asthedistancedecreasesIthesampleswithE1IMFBraggresonanceblq matchingthebr
emissionatnormalincidenceexhibitastrongershorteningofthelifetimeascomparedtothe
keAwithaM=1OUMnmEλblq=OMOMnmFIandparticularlythesampleA1M-1MPMIwhichshows
theshortestlifetimewithareductionbyafactorOKRwithrespecttothereferencesampleKko
miintensityhasbeendetectedundernon-resonantexcitationEλ=4TSKRnmFIindicatingthat
intheabsorptionofexcitingradiationnoenergytransfermechanismoccurredbetweenthe
nanostructuredgoldfilmandbrionsK
AninterestingfeatureforpossiblephotonicapplicationsEeKgKopticalplanaramplifiersor
filtersFarisingfromthepeculiarkeAopticalpropertiesisthatthemisignalcanbedetected
frombothsidesofthesampleKColectingthesignalthroughthekeAIitcanactasafilter
selectingonlythewavelengthsmatchingtheblqpeaksKqhereforeIsincebothsamplesexhibit
asignificanttransmittanceatλ=1R4MnmIthemitimeresolvedspectraweremeasuredalso
colectingthelightthroughthekeAKkodifferenceinthelifetimehasbeendetectedwith
respecttodetectionfromthefrontIindicatingthatbrP+midynamicsisthesamewhether
theemittedradiationcouplesdirectlyinthefar-fieldradiationoritisfirstcoupledwiththe
keAsurfaceplasmonsandthencoupledoutintofar-fieldradiationK
EaF EbF
cigurePK1M:ooomtemperaturemidecaymeasurementsat1R4Mnmperformedunderresonantexcitation
conditionsofthetwosetsofsamples:keAwithaM=1MPMnmEaFandaM=1OUMnmEbFKfnEaF
andEbFtheblackcurveisthereferencesampleAPMK
PKRKPbffectivemediumapproximation
qhefirstattempttofindamodelthatpredictsthemodificationoftheradiativeproperties
ofanemitterincloseproximitytoakeAIhasbeencarriedoutfolowingtheCmpmodel
usedforthefilmgeometryanddescribingthekeAasaneffectivemediumEbMAFKpince
thedielectricfunctionofthekeAcannotbeexperimentalydeterminedwithelipsometric
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measurementsduetothecomplexityofthepatternedsurfaceIapossiblesolutioncouldbe
representedbytheeffective mediumapproximationK qhedielectricfunctionofsputtered
andannealedgoldEεAu=-11SK91P+i9KTPRORFandsilicaEεpilO=OKMURFwereindependentlycharacterizedandthreedifferentformulationforthebMAwereevaluatedK qhesimplest
modelisthesocaledkewtonformulathatconsistsinalinearcombinationofthetwodielectric
functionsweighedwiththevolumetricfractionofthetwomaterialsEfpilOandfAu=1-fpilOFI
theeffectivedielectricfunctionEεeffCiFisgivenby:
εeffCi=fpilOεpilO+fAuεAuK EPKUF
AmoreaccuratedescriptioncanbegivenbytheMaxwel-darnettformulationoftheeffec-
tivemediumapproximationIwhereεeffM−disgivenby:
εeffM−d−εAu
εeffM−d+OεAu
=fpilOεpilO−εAuεpilO+εAuK EPK9F
AnalternativemodeltocalculatetheeffectivedielectricfunctionEεeffB FfortopologywithdensemixingofthetwomaterialsistheBruggemannformula:
fAuεAu−ε
eff
B
εAu+OεeffB
=−fpilOεpilO−ε
eff
B
εpilO+OεeffB
K EPK1MF
qhemetalandsilicavolumetricfractionsarefunctionoftheholesizeandforbothkeAs
understudyweredeterminedtobefpilO=MKP1andfAu=MKS9KfndependentlyoftheconsideredmodelIonemayimmediatelyobservethattheopticaltransmittanceofthekeAscannotbe
predictedsincetheperiodicityofthelatticethatdeterminestheblqwavelengthcannotbe
takenintoaccountKAtbrP+emissionwavelengththeeffectivedielectricfunctionscalculated
withkewtonI Maxwel-darnettandBruggemanformulaare-UM+iSKTOI-P1KSR+iOKUPand
-SMKSO+iRKO1IrespectivelyKAgainIthedifferenceinthebrP+lifetimesobtainedwiththetwo
keAscannotbecorrectlypredictedwiththebMA;indeedIapplyingtheCmpmodeltothe
twosetofsamplesIthelifetimeshorteningisalwaysoverestimatedbyafactorO-Pdependingon
theeffectivedielectricfunctionKfnconclusionIneitherthefar-fieldnorthenear-fieldoptical
propertiesofthekeAscanbeevaluatedwiththeeffectivemediumapproximationIhence
cbMsimulationhavebeenimplementedK
PKRK4ComparisonbetweenexperimentalresultsandcbMsimulations
qobetterunderstandtheinteractionbetweenbr:pilOthinfilmsandkeAsIcbMsimulation
werecarriedoutandcomparedwiththeexperimentaldataKAsafirststepIthefar-fieldproper-
tiesofamodeledgoldkeAsonsilicaEwithoutanyemitterincloseproximityFwerecompared
withopticaltransmittancespectraobtainedwithasetofRdifferentexperimentalyfabricated
keAswithdifferentlatticeparametersEaMFK qheholeradiusandthemetalthicknesswere
determinedviapbMandAcMmeasurementstoensurethecorrespondenceofthekeAgeo-
metricalparameterswiththesimulatedmodelKqablePK1reportsthewavelengthoftheE1IMF
Braggresonanceblqpeakandtherelativetransmittanceat1R4MnmEqo=q1R4Mnm/qmaxFK
fngeneralgoodagreementbetweenexperimentaldataandcbMsimulationcanbefoundI
althoughitisworthtounderlinethatthesimulatedtransmittancespectrahaveanarrower
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qablePK1:doldkeAfar-fieldopticalproperties:geometricparametersandmeasuredandsimulatedblq
wavelengthsKqhesimulatedwavelengthrangeisPMM–1UMMnmK
iatticeparameterEaMF eolesradiuso λexpmax λsimmax qo[nm] [nm] [nm] [nm]
TOO O4M 11TM 1O4M MKOO
9OM OSM 1PUR 14MM MKSP
1MPM PMM 1RTM 1ROM MK9T
1OUM PTR OMOM >1UMM MKRR
1P4M 4MM O14O >1UMM MK1O
blqpeakssincetheexperimentalsampleshaveadistributionofdomainorientationsover
theinvestigateareaE∼1cmOFK
qocomparethevariationofthebrP+lifetimeobtainedbycbMsimulationswiththetwo
setofsamplesdescribedaboveItheapproachalreadydiscussforthefilmgeometryhasbeen
implementedK qhetwokeAgeometryEaM=1MPMnmandaM=1OUMnmFweremodeledon
theexperimentalymeasuredgoldthicknessEt=1OM±PnmFandholesizeE∼MKS×aMFKqofind
outthetotaldecayrateΓtotIandhastoaddtothecalculatedradiativedecayrateEΓrcbMFIobtainedbyfittingthefirstOMmsoftheequationPKTwithasingleexponentialfunctionIthe
non-radiativedecayEΓnrMFduetonotfulyrecoveredbrionscoordinationinthesilicamatrixinthefolowingway:
Γtot=ΓrcbM+ΓnrM EPK11F
pincethepresenceofthekeAarraydonotalterthelocalbrenvironmentorinducesadditional
defectsinthematrixIitisreasonabletoassumethatΓnrM donotchangefromtheoneobtainedfromthereferencesamplesandthereforeforaltheevaluatedsamplesitwasassumedtobe
POs−1Kqhecalculatedlifetimethereforecanbeexpressedinthefolowingway:
τcalc= 1ΓrcbM+ΓnrM
EPK1OF
fnqablePKOthecalculatedlifetimesarecomparedwiththeexperimentalymeasuredonesI
andanalmostperfectagreementcanbeobservedIprovinghowtheimplementedmodelaccu-
ratelypredictthelifetimemodificationsofemittersduetothecouplingwithnanostructured
noblemetalfilmK
qablePKO:brP+lifetimeat1R4MnmK Comparisonbetweentheexperimentalymeasuredandthesimulated
lifetimevaluesforthetwoAukeAsKifetimeofthereferencesampleisalsoreportedK
pample oeference keAaM=1MPMnm keAaM=1OUMnm
τexp[ms] τsim[ms] τexp[ms] τsim[ms] τexp[ms]
A1M 11KU RKR 4KR SK1 RK9
APM 11KT RKU RKT SK4 SKS
A1MM 1MKS TKM TKO TK1 TKO
ftisnowpossiblegainmoreinformationonhowtheenergyradiatesawayfrombrions
interactingwithnoblemetalkeAKcorthispurposetheradiativeefficiencyofabr-likeemitter
placedatz=RMnmwascalculatedviacbMsimulationK keglectingthenon-radiativedecay
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rateinthebulksilicaIthefar-fieldradiativeefficiencyEqcFisdefinedastheratiobetweenthe
powerradiatedinthefar-fieldEmffFandthetotalpowerEmtotFemittedfromadipole:
qc=mffmtot=
γr
γr+γnr EPK1PF
wheremffistheintegralofthemoyntingvectoroverthesphereencirclingthesimulated
domainandγnrinthiscasetakesintoaccountthelossesinthemetalK qablePKPliststhe
computedradiativeratesforairinterfaceIopticalythickEt=OMMnmFgoldfilmandcompared
withthoseobtainedforadipoleplacedatthecentreoftheholeofkeAswithaM=1MPMnm
andaM=1OUMnmKqhethreedifferentdipoleorientationwithrespecttotheinterfacehaveto
beconsideredandtheradiativefar-fieldefficiencyforanisotropicdipoledistributionEqisoc Fcancalculatedby:
qisoc = γ
xr+γyr+γzr
γxtot+γytot+γztot EPK14F
qablePKP:Computedfar-fieldradiativeefficienciesEqcFofanbr-likeemitterclosetoanoverlayerK Com-
parisonbetweenairIgoldfilmandAukanoholeArrayswithaM=1MPMnmandaM=1OUMnmare
presentedKqhedipoleisplacedRMnmbelowtheoverlayerandinthekeAcaseatthecentreof
theholeKqhreedifferentorientationtogethertheisotropicorientationdistributionwereevaluatedK
aipole Air AufilmEt=OMMnmF
orientation corward Backward qotal corward Backward qotal
u MK1ST MKUPP 1 M MKRO MKRO
v MK1ST MKUPP 1 M MKRO MKRO
w MK1OS MKUT4 1 M MKP4 MKP4
fpl MK1R9 MKU41 1 M MKPSU MKPSU
aipole keAaM=1MPMnm keAaM=1OUMnm
orientation corward Backward qotal corward Backward qotal
u MK4O MKRS MK9U MK4P MKRR MK9U
v MK4O MKRS MK9U MK4P MKRR MK9U
w MKOR MKTR 1 MKOP MKTS MK99
fpl MKPSP MKSOP MK9UT MKPS MKSOP MK9UP
ft’sworthhighlightingthatthefar-fieldradiativeefficiencyforbothkeAsiscloseto1MM%I
indicatingthatthebrP+emissioncanbeefficientlyenhancedwithoutalmostanylossinthe
overlayerE<O%FKqhecomparisonwiththefilmgeometryshowsthatthefar-fieldemissionis
increasedbyafactoraboutOKR;thiscanbeattributedtotwomaineffects:thekeAconfigu-
rationreducessignificantlythecouplingwithlossymodesandthepmmmodespropagatingon
themetal-dielectricinterfacecanbere-emittedasphotonsinthefar-fieldduetotheOakeA
periodicityIwhichinthefilmconfigurationisnotpossibleduetothelackinthemomentumK
curthermoreIthekeAspermitanefficientforwardemissionthatisincreasedbyOtoPfold
withrespecttotheairinterfaceIwherethehigherdielectricconstantdrivestheemissionin
thesilicahalf-spaceKqheefficiencydoesnotvaryappreciablybetweenkeAscharacterisedby
blqresonantandnon-resonantwithbrP+emissionwavelengthKlnonehandIthissuggests
thateveninresonancethestrongcouplingdoesnotmeanlargelossesduetotheplasmondecay
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inthemetal;ontheotherhandIthisopensthepossibilitytocombinein-resonanceandout-
of-resonancekeAstogetsmartexcitation-emissionconfigurationswithoutlosingefficiencyK
qchasbeenalsocalculatedfordipolesplacedindifferentpositionsofthe tigner-peitzcelI
andvariationoftheefficiencywasfoundtobenegligiblesincethecomputedvaluesforalthe
positionsarewelabovethe9M%Iindicatingthatthepositionoftheemitterintheuvplane
doesnotinfluencetheefficiencyofthesystemIthusinthedesignofadevicetheefforttoplace
theemittingspeciesjustundertheholeofthekeAtoavoidlossesisuselessK
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cigurePK11:moweroutflowasafunctionoftheangleevaluatedattheouteredgesofthesimulateddomain
foranbr-likeemitterembeddedinsilicaEaFandplacedRMnmbelowanairinterfaceEbFKqhe
polarizationindicatesthedirectionalongwhichthedipoleoscilatesK
AninterestinginformationderivablefromcbMsimulationsistheangle-resolvedfar-field
radiationpatternofanemitterplacedunderdifferentoverlayersK cigKPK11showshowthe
radiationpatternisinfluencedbytheproximityofthesurfaceofthesampleEiKeKIRMnmbelow
theairinterfaceFKauetothehigherrefractiveindexItheemissionisdeformedforaldipole
orientationstowardsthesilicahalf-spaceandjustasmalfractionexitsintheuppersemi-spaceK
fncigKPK1OtheemitterisplacedRMnmbelowchromiumandgoldoverlayersIcomparingthe
radiationpatternsitcanbeobservedthatparalelorientationswithrespecttotheinterface
EuandvFarealmostinsensitivetothenatureofthemetalIwhiletheperpendicularoneis
remarkablyenhancedbythepresenceofanoblemetalduetothecouplingwithpmmmodesK
Anyemissionintheupperhalf-spaceissuppressedbecauseofthecompleteabsorptionofthe
photonsbythemetalfilmK
qhegreatadvantageoftheemitter-keAcouplingcanbeunderstoodfromcigKPK1PIwhere
theemissionpatternofthebr-likedipoleatthecentreoftheholeIRMnmbelowthegold
nanostructureisshownforthetwolatticeparametersexperimentalyexploredK qhepower
outflowisstronglyenhancedforalthepolarizationsandtheemittedlightcanbecolected
frombothsidesKfnterestinglyIforthekeAwithaM=1MPMnmwheretheblqpeakisresonant
withthebremissionwavelengthIthepoweroutflowoftheemittersorientedperpendicularlyto
RS PKRbr-keAinteraction
EaFAufilmEt=OMMnmF EbFCrfilmEt=OMMnmF
cigurePK1O:moweroutflowasafunctionoftheangleevaluatedattheouteredgesofthesimulateddomain
foranbr-likeemitterplacedRMnmbelowaOMMnmthickgoldEaFandchromiumEbFfilmKqhe
polarizationindicatesthedirectionalongwhichthedipoleoscilatesK
EaFAukeAEaM=1MPMnmF EbFAukeAEaM=1OUMnmF
cigurePK1P:moweroutflowasafunctionoftheangleevaluatedattheouteredgesofthesimulateddomain
foranbr-likeemitterplacedinthecentreoftheholeIRMnmbelowaAukeAwithaM=1MPM
nmEaFandaM=1OUMnmEbFK qhepolarizationindicatesthedirectionalongwhichthedipole
oscilatesKcortheAufilmthepoweroutflowofzorientationhasbeenhalvedtofitthescaleK
PKSConclusions RT
theinterfaceismuchhigherthaninthekeAwithaM=1OUMnmIduetothestrongercoupling
withpmmmodesK
PKS Conclusions
fthasbeendemonstratedthatacombinationofkpiandofbcanbeusedasaversatileand
highthroughputnanofabricationtechniquetoproducehighlyorderedkeAsonanareamuch
largerthantheoneobtainablewithbBiorcfBKqheopticalpropertiescanbeeasilytuned
actingontheself-assemblingmpnanoparticlesizeIofbdurationandmetalthicknessKqhusI
itwaspossibletotailortheblqpeakandmakeitresonantwithbrP+emissionwavelengthK
cromtheevaluationonhowtheproximityofaresonantandnon-resonantkeAinfluencethe
lifetimeofthecharacteristicemissionat1R4MnmIithasbeenfoundoutbothexperimentaly
andwithcbMsimulationsthatasthedistancedecreasestheshorteningofthelifetimeis
enhancedK MoreoverItheresonantcouplingoftheemitterswithnoblemetalkeAsyields
astrongerenhancementoftheemissionespecialyforshortdistancesKpimulatedradiation
patternsdemonstratethatefficientcouplingbetweenbremissionat1R4Mnmandpmmmodes
onkeA-dielectricinterfacecanbeobtainedespecialywhentheblqpeakisresonantwith
theemittedradiationKContrarytothefilmcaseIthecomputedquantumefficiencyshowsthat
theenhancedemissionfrombrionsisnotmodulatedbyalargeabsorptioninthemetalIthus
thehigherphotonfluxisinprinciplealmostentirelyavailableinthefar-fieldKfnconclusionI
theenhancementoftheradiativeemissionwithnegligiblelossesinthenanostructureEless
thanR%FtogetherwiththeabilityofcolectlightfrombothsidesofthedopedfilmImakes
keAverypromisingforrealizationofnewphotonicdevicesK

4brP+luminescenceenhancementby
interactionwithAusub-nanoclusters
4K1fntroduction
ptronglimitationstotherealizationofefficientbr-basedoptoelectronicdevicesarerelatedto
thesmalcross-sectionforbrexcitationIwhichistypicalyoftheorderof1M−O1−1M−19cmOI
dependingonthematrix[UI9I1U]K qheinteractionwithsensitizingspeciestoenhancethe
brpumpingefficiencyrepresentsapossiblesolutiontothisproblemanddifferentapproaches
havebeenexploredintheseyearsusingotherrare-earths[19–O1]Isiliconnanocrystals[OO–OT]I
organiccomplexes[OU–PO]ormetalicnanostructures[PP–P9]KConcerningmetalicnanoclus-
tersEkCsFIrecentworkshavedemonstratedthatultra-smal molecular-likeAunanoclusters
EmadeoflessthanOMatomsFactasveryefficientsensitizersforthebremissionandthe
dominantpumpingmechanismforthebrionswasdemonstratedtobeanon-resonantenergy-
transferprocessmediatedbythebroad-bandinterbandabsorptionofthesub-nanometerAu
clustersK qheabsorbedenergyisthenpartialytransferredtoanearbybrionthatsubse-
quentlyde-excitesradiativelyat1KR4µmK mlasmonicfieldenhancementeffectsduetothe
metalicnanoparticlesaswelasapossibleroleofimplantation-induceddefectsonthebr
sensitizationprocesshavebeenalsoruledoutin[PUIP9ITO]K
eoweverItheenergy-transferisacomplexprocessthatisexpectedtodependonavarietyof
factorsIinvolvingtheAuclustersEsizedistributionInumericaldensityIclusterstructureFIthe
brsiteandthematrixstructureKfnaveryrecentworkIbystudyingtheluminescenceprop-
ertiesofmolecule-likeAunanoclustersobtainedbyionimplantationinsilicaitwassuggested
thattheprocessistriggeredbytheformationofanAu-relatedluminescencebandIresonant
withthecorrespondingbrP+absorptionlevelIthatactsasapreferentialde-excitationchannel
throughwhichtheenergyistransferredfromtheAukCstothebrionsK[TP]keverthelessI
severalaspectsarestiltobeclarifiedconcerningthespecificroleofthesynthesisparameters
EionimplantationconditionsandthermaltreatmentsFandtheoptimal[Au]/[br]concentra-
tionratiotoobtainthemostefficientbrsensitizationKfnspiteoftheseresultsIadetailed
investigationoftheinteractiondistancethatcharacterizetheenergy-transfermechanismfrom
molecule-likeAuaggregatestothebrionsaswelastheestimationofthecharacteristic
cross-sectionoftheprocessisstillackingK
qheaimofthepresentchapteristostudyindetailthebr-relatedluminescenceproperties
ofbr-Auco-dopedsilicasamplesobtainedbyionimplantationatdifferentfluencesfolowedby
thermaltreatmentsinspecificatmospheresandtobetterunderstandthenatureoftheenergy-
transferprocessbetweenAukCsandbrionsKpystematicphotoluminescencecharacterizations
Eintegratedandtime-resolvedFwereperformedbothforresonantandout-of-resonancebr
excitationconditionsthatalowedtodevelopaphenomenologicalmodelthroughwhichthe
effectivecross-sectionfortheenergy-transferaswelastheinteractiondistanceoftheprocess
couldbeestimatedK curthermoreIstructuralcharacterizationsoftheco-implantedsamples
wereperformedbybuAcpanalysestobetterunderstandboththeAuclusteringphenomenonI
R9
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theioninduceddamageduetotheAuimplantationanditssubsequentrecoveryasafunction
oftheincreasingtemperatureannealingK
4KObrP+sensitizers
pincethetopicofthepresentchapteristhesensitizingeffectofAusub-nanoclustersIabrief
summeryoftheresultsoftheothersensitizingspeciesispresentedinthefolowingK
vtterbiumwasthefirstbrsensitizertobestudiedIsinceatλ=9UMnmthevbP+ionhas
oneorderofmagnitudehigherabsorptioncross-sectionthenbrP+ionKqheresonanceofthe
OcT/O→OcR/OvbP+transitionwiththe4f1R/O→4f11/ObrP+transitionmakestheenergy-
transferprocesspossibleKqheexcitationmediatedbytheabsorptionoflightbyvbionsand
thesubsequentenergy-transfertobrismoreefficientthanthedirectbrP+excitationinmany
hostmaterialsKeoweverItheinverseprocessisalsopossibleEtheback-transferfrombrP+to
vbP+Fthusreducingtheefficiencyofthesensitizationprocess;manyworkshavebeencarried
outtominimizethisundesirableeffect[19–O1IT4]K
fnrecentyearssiliconnanocrystalsEpi-kCsFhaveemergedasefficientbrP+sensitizersin
silica[O4–OT]K thensilicaisdopedwithanexcessofpiInanometer-sizedpi-kCscangrow
andduetothethreedimensionalconfinementofsiliconproducedbythepilO-piboundaryI
pi-kCscanemitlightinthevisiblenear-foregionK thenapi-richsilicasystemisco-doped
withbrionsItheinteractionbetweenthetwoopticalyactivespeciesgivesrisetoanintense
luminescentemissioninthe1KRµmspectralregionK tithafinecontrolonthesynthesis
parametersofthepi-kCsIthenon-radiativechannelstypicalylimitingthebrluminescence
inbulksiliconEenergyback-transferprocessFmaybedrasticalyreducedK MoreoverIindirect
excitationofbrphotoluminescenceviacouplingbetweentheabsorptionbandsofthepi-kCs
andthebrbiumexcitedstateshasbeendemonstratedbyanumberofgroupsIrevealingthat
pi-kCsenabletheexcitationofbrionsatwavelengthsawayfrombrabsorptionbandsKqhe
excitationmechanismstartswhenaphotonisabsorbedbythenanocrystalIwhichgeneratesan
boundexcitoninthepi-kCKqhisstepisfolowedbyrapidexcitationexchangetothebrions
andconsequentluminescenceat1KRµmfromthebrP+metastablestateK AsaconsequenceI
luminescencefrompi-kCsisincompetitiontothatfromthebrionandbyusingasufficiently
highbrconcentrationpi-kCluminescencecanbeeffectivelyquenchedandbreffectivecross-
sectionincreasedbysomeordersofmagnitude[O4ITR]K
Anothersensitizingmethodstudiedforbrionsistheuseoforganiccomplexesandmolecules
toenhancebrradiativeproperties[OU–PO]Kfnthiscasetheadvantagecouldbetwo-fold:
toincreasethebrabsorptioncross-sectionviaenergy-transferprocessesandtopromotebr
encapsulationinapolymericmatrixKbveniftheresultsobtainedby[O9]areverypromisingI
theradiativeefficiencyisstilsmalduetothequenchingeffectof-legroupsinorganic
moleculesK
cörstertheoryofenergy-transfer
qheinteractionprocessinvolvedinbr-sensitizercouplingisusualydiscussedintheframework
ofthecörstertheoryofenergy-transferprocessKeereIashortsummaryofthisphenomenon
isgivenIwhichishelpfulforunderstandingthebasicmechanismsinvolvedinbrsensitizationK
BydefinitionIcörsterresonanceenergy-transferEcobqFisanon-radiativetransferofan
electronicexcitationfromanexcitedspecietermedasdonorEaFtoanacceptorEAFthatis
initialyinitsgroundstate:
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a∗+A→a+A∗ E4K1F
qhefirsttheoreticalformulationofresonantenergy-transferthatsuccessfulyidentifiedthe
inversesixthpowerdistancedependenceEwithwhichtheprocessitselfisnowalmostuniver-
salyassociatedFwasmadebycörsterin194U[4R]Iandexperimentalyverifiedbyiattet
alK[TS]Kcörster’stheorydevelopsonanapproachbasedonelectricdipole-dipoleinteractionI
whichhasbeenextendedbyaexterin19RP[TT]toincludehigher-ordermultipoleinteractionK
fntheframeworkofaexter’selectronictransferItheprocessrequiresawave-functionoverlap
betweenthedonorandtheacceptorandthecouplingcarriesanexponentialdecaywiththe
distanceK
cigure4K1:pimplifiedenergyschemeoftheresonantenergy-transferprocessK Continuouslinesrepresent
radiativedecayrateswhiledashedonesarenon-radiativeK pubscriptsaIAandtstandsfor
donorIacceptorandtransferIrespectivelyK
AsschematicalyilustratedincigKE4K1Ftheprocesscanbesummarizedasfolows:adonor
EaFabsorbsaphotonandgeneratesanelectronicalyexcitedspeciesEa∗FKftheacceptoris
inthenear-fieldregionItheenergyreleasedwhentheelectronreturnstothegroundstatemay
simultaneouslyexcitetheacceptorEA∗FKAftertheenergy-transferItheexcitedacceptordecays
eitherinafurthertransfereventIorbyothermeanssuchasphotonemissionEfluorescenceFK
fnasimplepictureIthenear-fieldvolumeofanemittercanberepresentedbyasphereofa
radiusMK1×˜λwith
λ˜= λOπn E4KOF
whereλisthewavelengthofthedonorluminescenceandnrepresentstherefractiveindex
ofthematrixmaterialK Consideringanbrbium-sensitizerinteractioninvolvingbrP+levels
inthevisible-near-fospectralregionEwavelengthrange4MM-1MMMnmFandarefractiveindex
of1K4–1KSEtypicalofsilica-basedhostsFwecanestimateλ˜tobearound1MMnmKqherefore
thecörsterzonerepresentsaspherewitharadiusofR–1MnmaroundthedonorEsensitizerFK
AcceptorsEbrionFwithinthisrangewilbeapotentialpartnerforthecörstertransferK
fngeneralIforachievingacörstertransferbetweenadonorandanacceptorthefolowing
conditionsshouldbefulfiled:
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•thedonorandacceptorshouldhavestrongtransitionsfromtheultraviolettonearin-
frared;
•thereshouldbeaspectraloverlapbetweenthedonorandacceptorstates;
•thedistancebetweendonorandacceptorshouldbebelowthecörsterzoneK
cromcigKE4K1Fitcanbeseenthatthetransferefficiencyηtfortheenergy-transferisgiven
bythefractionofabsorbedenergybythedonorwhichistransferredtotheacceptor:
ηt= ktkt+kra+knra
E4KPF
wherektisthetransferenergyrateIandthedecayrateskraIknra aretheradiativeandnon-radiativedecayratesofthedonorIrespectivelyK
thentheacceptorisinthenear-fieldzoneofthedonorIthecörstertheorygivesthe
folowingexpressionfortherateofenergy-transferktIinsystemswherethehostmaterialfor
thedonorandtheacceptorhasrefractiveindexn:
kt= 9c
4κO
UπτMan4oS
caEωFσAEωFdωω4I E4K4F
wherecaEωFistheemissionspectrumofthedonorEnormalisedtounityFIσAEωFisthelinear
absorptioncross-sectionoftheacceptorIoisthedonor-acceptordistanceIτMa isthelifetimeoftheexciteddonorintheabsenceoftransferEτMa=1/Ekra+knraFFIcisthespeedoflightandκdependsontheorientationsofdonorandacceptorwithrespecttoeachotherEforrandomly
orientateddipolemomentsκO=O/PFKqheintegralintheequationE4K4Faccountforthespectral
overlapbetweenthedonoremissionspectrumandtheacceptorabsorptionspectrumK
qhecörsterrateequationisoftencastinanalternativeequivalentformI
kt= 1τMa
oM
o
S
E4KRF
whereitisintroducedtheconceptofacriticaldistanceEoMFIaseparationatwhichtheenergy-
transferrateEktFandthedecayrateEkra+knraFbythedonorareequalEknownasthecörsterdistanceFKqheassociatedtransferefficiencyEηtFbecomes:
ηt= 11+Eo/oMFS E4KSF
fnconclusionIitcanbepointedoutthatIforafixedκandnIthetransferefficiencyηtincreases
withincreasingquantumefficiencyofthedonorEsensitizerFandwithincreasingtheoverlapof
therespectiveopticalspectraIanditdecreasesrapidlyEo−SFwiththedistancebetweenthe
interactingobjectsK
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pub-nanometricmolecule-likegoldnanoclustershavebeenproventobeefficientsensitizers
forthebrP+photoluminescentemissioninsilicamatricesthroughanon-resonantbroad-band
energy-transfermechanism[P9]KfnaveryrecentworkreportedinoefK[TP]itwasdemonstrated
thatsuchenergy-transferprocessistriggeredbytheformationofanear-infraredluminescence
bandEat9UMnmFrelatedtotheultra-smal AunanoclustersthatIbeingresonantwiththe
correspondingbrP+absorptiontransitionE4f1R/O→4f11/OFIrepresentsapreferentialchannel
forthetransferofelectromagneticenergytothebrP+ionsK
qwodistinctpathshavebeenenvisagedforthisprocessKfnthefirstcasetheenergy-
transfermayoccurinanon-radiativewayEiKeKInotinvolvingemissionofphotonsFbyshort-
rangemechanismsasmultipole-multipoleinteractionsEcörstermechanism[4R]Forexchange
processesEaextermechanism[TT]Fowingtotheoverlapofthewavefunctionsassociatedto
the9UMnmbandoftheultra-smal Auclustersandthe4f11/OlevelofthebrP+ionsKfn
thesecondcasealong-rangeinteractionmayoccurmediatedbytheradiativede-excitation
oftheAunanoclustersthroughtheirluminescentemissionat9UMnmandthesubsequent
absorptionoftheemittedphotonsbythebrP+ionsKoecentlygulsggardandco-workers[TU]
demonstratedthatforthebrsensitizationbypinanocrystalsthecouplingoccursatshort-
rangewithacharacteristicinteractionlengthcomparabletointeratomicdistancesK
qhepresentsectionisthereforefocusedontheelucidationofthephotophysicalnatureof
theenergy-transferprocessbetweenmolecule-likeAunanoclustersandbrP+ionsinorder
discriminatebetweenradiativeornon-radiativeprocessesIshort-orlong-rangecouplingK
4KPK1pamplesynthesis
corthisstudythesampleshavebeensynthesizedwiththefolowingapproachKcirstIsequential
brimplantationswereperformedonsilicaslabsEfnfrasilbyeaereusFatthreeenergiesERMI1MM
and19MkesFwithanbrtotalfluenceofOKT×1M14br+/cmOKAnalmostflatbrconcentration
profileaboutTMnmthickIcenteredataboutSMnmbelowtheslabsurfaceisobtainedin
thiswayK Afterthebrimplantationsafurthersilicalayerwasdepositedbyradiofrequency
magnetronsputteringontwoselectedsamplesK qhethicknessofthislayerwasofPRnm
and1SMnmIrespectivelyEasmeasuredbyaprofilometerFK Althebr-implantedsamples
werethenannealedatUMM℃ inkOatmospherefor1hourK qhisthermaltreatmentisused
bothtocompletelyrecoverthesamplesfrombrimplantationdamageandrestorethebr
octahedralcoordinationnecessaryforitsefficientluminescentemissionIbutalsotoadjustthe
sputteredsilicalayerfrompossibledepositiondefectsandunder-stoichiometryeffectsKqriple
energyESMI11Mand19MkesFAuimplantationswerethenperformedonthesamplesata
totalAufluenceofSKT×1M14Au+/cmOKpubsequentlyIthesampleswerethermalytreated
atSRM℃ inkOatmospherefor1htoinducetheAuimplantationdamagerecoveryandto
promotetheformationofAunanoclustersinthesilicamatrixK qhesputteredpilOlayer
actedasaspacerfortheAuimplantationsanditsthicknesswasproperlychosentoobtain
threesamplescharacterizedbyadifferentdegreeofoverlapbetweenbrandAuconcentration
profiles:completeoverlapEnosilicaspacerIsampleAFIpartialoverlapEPRnmspacerIsample
BFandcompleteseparationE1SMnmspacerIsampleCFKAschematicrepresentationofthe
samples’structureisshownincigK4KOK
qhebrandAutotalfluenceswereestimatedbyoutherfordBackscatteringmeasurements
EoBpFwhiletheconcentrationprofileswereobtainedbypofMsimulations[4U]K qhebr-
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cigure4KO:pchematicrepresentationofthesamples’structure:EoefFreferencesampleEnoAuimplantationF;
EAFnosputteredpilOspacerEcompleteoverlapbetweenbrandAuconcentrationprofilesF;EBFPR
nmpilOsputteredlayerEpartialoverlapF;ECF1SMnmpilOsputteredlayerEcompleteseparation
betweenbrandAuconcentrationprofilesFK
implantedsampleannealedatUMM◦CEiKeKIbeforethesilicasputteringdepositionandtheAu
implantationsFwasalsocharacterizedanditwilbereferredtointhefolowingasthereference
sampleK
4KPKOmiintensityasafunctionofspacerthickness
qocharacterizethebrP+luminescentemissionpropertiesofthesamplesandinvestigatethe
interaction mechanismsbetweenthebrionsandtheAunanoclustersIphotoluminescence
EmiFmeasurementswereperformedEbothintegratedandtime-resolvedFatroomtemperature
usingresonantEat4UUnmFandout-of-resonanceEat4TSKRnmFbrexcitationconditionsKqhe
experimentalset-upisdescribedinsection1KPK1
cigK4KPshowstheroomtemperaturemispectraofthedifferentsamplesmeasuredinthe
wavelengthrange14RM–1SRMnmforresonantEclosedsymbolsFandout-of-resonanceEopen
symbolsFpumpingconditionsKpincealowerpowerwasdeliveredbythelaserat4TSKRnm
thanat4UUnmItoalowforadirectcomparisonthespectraarerescaledtothepowerat
4TSKRnmK qhespectraofthebr-implantedreferencesamplewerealsomeasuredatboth
pumpingconditionsresultingcompletelyoverlappedtothoseofsampleCEthickestspacerF
andthustheyarenotreportedincig4KPKcorresonantexcitationconditionsalthesamples
exhibitthecharacteristicmibandat1R4Mnmrelatedtothe4f1P/O→4f1R/ObrP+transitionin
silicaKqheintensityofthisbandincreasesbydecreasingthethicknessofthesputteredpilO
layerK tithrespecttothereferencesampleEorequivalentlytosampleCFanincreaseofthe
integratedmisignalofafactorofRinthesamplewithoutthesputteredsilicalayerEsampleAF
wasmeasuredKqhisenhancementofthebrP+luminescenceisconsistentwiththesensitization
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cigure4KP:ooomtemperaturebrP+miemissionspectraofthesamplesresonantlyexcitedat4UUnmEclosed
symbolsFandwithout-of-resonancepumpingconditionsat4TSKRnmEopensymbolsFKqhespectra
arenormalizedtothesamepumppowerKqhelabelsreportinbracketsthethicknessofthepilO
sputteredlayerKcorbothexcitationconditionsthespectraofthebr-implantedreferencesample
overlappedcompletelytothosemeasuredfromsampleCK
effectobtainedin[PSIP9]fromsimilarbr-Auco-implantedsystemsandthatwasdemonstrated
tobeinducedbytheformationuponannealingofsub-nanometricAuaggregatesthatactas
sensitizersforthebremissionK qhiseffectisfurtherconfirmedbythemiresultsobtained
forout-of-resonancepumpingconditionsKfndeedIwhilenomiemissionwasrevealedfrom
thereferencesamplefornon-resonantexcitationat4TSKRnmIthemisignaldetectedfrom
sampleAbypumpingatthiswavelengthresultedevenmoreintenseIinagreementwiththe
slightlyhigherAuabsorptioncross-sectionat4TSKRnmthanat4UUnmKAmarkedlydifferent
behaviorwasobservedinsteadfromsampleCEiKeKIthesamplewiththethickestsilicaspacerFK
AsmentionedaboveIforbothexcitationconditionsthemispectracolectedfromthissample
wereidenticaltothoseofthereferencesampleKkoenhancementeffectofthebrP+luminescent
emissionwasobservedinthiscaseK qhissuggeststhatthethicknessofthesputteredsilica
layerinthissampleislargeenoughtohindertheinteractionbetweenAunanoaggregatesand
brions:theoverlapbetweenthebr-andAu-containingregionsisnecessaryfortheultra-
smal Aunanoclustersto“talk”tonearbybrP+ionsandthusfortheenergy-transferprocess
tooccurKcurtherinsightsonthismechanismcanbeobtainedbyanalyzingtheluminescence
propertiesofsampleBinwhichapartialoverlapbetweenthebrandAuconcentrationprofiles
isobtainedKAsshownincigK4KPthebehaviorofthissampleisintermediatebetweenthatof
sampleAandsampleCK
qohighlightthiseffectandgetquantitativeinformationincigK4K4isreportedtheinte-
gratedmiemissionmeasuredat1R4MnmasafunctionofthephotonfluxforthethreesamplesK
fntheexploredrangethemiintensityscaleslinearlywiththephotonfluxK qhesolidand
dashedlinesarelinearfitsoftheexperimentaldatameasuredwithresonantexcitationat4UU
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cigure4K4:miemissionat1R4Mnmasafunctionofthephotonfluxofthesamplesresonantlyexcitedat4UU
nmEclosedsymbolsFandwithout-of-resonancepumpingconditionsat4TSKRnmEopensymbolsFK
qhesolidanddashedlinesarelinearfitsofthedatameasuredwithexcitationat4UUnmand
4TSKRnmIrespectivelyK
nmEclosedsymbolsFandnon-resonantpumpingat4TSKRnmEopensymbolsFIrespectivelyKfn-
terestingconsiderationscanbederivedanalyzingtheresultsobtainedforexcitationat4TSKR
nmKAtthiswavelengththeonlyexcitationmechanismofthebrP+ionsistheindirectpump-
ingmediatedbytheenergy-transferfromtheAunanoclustersK MoreoverIthemiemission
intensityisproportionaltothefractionofopticalyactivebrionsinthesamplethatcanbe
indirectlyexcitedthroughtheenergy-transferprocessKrptothehighestpumpingintensitiesI
noluminescentemissioncanberevealedfromsampleCfortheseexcitationconditionsIthat
isnobrP+ioncanbereachedbythetransferofenergyfromtheAunanoclustersasaconse-
quenceoftheseparationdistancebetweenthebrandAuconcentrationprofilesKConcerning
sampleBinsteadIitisworthnotingthattheratiobetweentheslopeofthelineartrendin
themiintensityasfunctionofthephotonfluxofsampleBEreddashedlineFandsampleA
EbluedashedlineFresultsMKR4±MKMRK qhisvaluecanbeconsideredasthefractionofbrP+
ionsindirectlysensitizedbytheAunanoclustersthatarepresentinsampleBwithrespect
tothetotalnumberinsampleAandresultsconsistentwiththeratiobetweentheareasof
overlapofthebrandAuconcentrationprofilesinthetwosamplesEaboutMKRFKqhereforeIdue
tothepartialoverlapbetweenbrandAuconcentrationprofilessampleBcanbeconsidered
ascomposedbyalinearcombinationofsampleAandsampleC:fB=wAfA+wCfCIwith
weightingfactorswA=MKR4andwC=MK4SEwA+wC=1FAfurtherconfirmationofthisscenario
canbefoundinthemiintensityresultsofsampleBobtainedforexcitationat4UUnmEred
dotsFKAsshownincigK4K4theslopeofthelinearfitobtainedinthiscaseEredsolidlineFis
higherthanthatat4TSKRnmKcorresonantpumpingat4UUnmindeedthebrP+ionscanbe
exciteddirectlybythelaserbeamthroughthe4f1P/O→4f1R/ObrabsorptiontransitionKqhe
higherslopemeasuredatthiswavelengthinsampleBthereforeaccountsforthecontribution
tothemiemissionofthefractionofopticalyactivebrionsthatareoutsidetheoverlapregion
betweenthebrandAuconcentrationprofilesIorIinotherwordsIfromthepartofsampleC
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thatcomposessampleBK
4KPKPbrP+lifetimeatλ=1R4Mnm
qhelifetimemeasurementsperformedonthesesamplesgivefurthersupporttothisdescriptionK
fncigK4KRisreportedthetemporaldecaycurvesofthemiemissionat1R4Mnmobtained
fromtime-resolvedmimeasurementsofthesamplesexcitedat4UUnmKpameresultswere
obtainedalsoforexcitationat4TSKRnmIbutduetothelowerlaserintensityavailableatthis
wavelengththemeasurementswerecharacterizedbyalowersignal-to-noiseratioandhavenot
beenplottedKAstretchedexponentialfunctionoftheform
fmiEtF=fmiEMFexp− tτ
β
E4KTF
wasusedtofitthetheexperimentaldataIwithτandβusedasfreeparametersKfnthe
expressionIτisthemilifetimewhileβisthestretchingfactorIwhichrangesbetweenM
and1K qhestretchedexponentialdescribesthemidecaycurveofapopulationofemitters
whosedecayratesdistributionisdaussianK qhereforethestretchingparameterdescribes
thedispersionintheexcitedstatelifetimesIwhichisasignatureofaninhomogeneousbr
populationgivenbythedistributionofbr-AukCsdistancesK qhesolidlinesarethebest-
fittingresultstotheexperimentaldataaccordingtotheequationE4KTFK thenthestretched
exponentialisusedItheeffectivelifetimeEτeffFcanbecalculatedthroughthefunction:
τeff= 1fmiEMF
∞
M
fmiEtFdt=τβΓ
1
β K E4KUF
whereΓisthebuleriangammafunctionKpampleAischaracterizedbyaneffectivelifetime
τeffIA=SK4±MK4msEβ=MKU4FKConverselyasingleexponentialdecayEβ=1Fwasmeasured
fromsampleCwithalongerlifetimeτeffIC=1MK9±MKSmsK qheshorteningeffectonthe
lifetimeobservedinsampleAisconsistentwiththeresultsobtainedfromsimilarbr-Auco-
implantedsamplesandhastobeascribedtotheco-presenceinthebr-containingregionof
AunanoclustersthatactassensitizersforthebremissionK qheformationofnon-radiative
recombinationcentersrelatedtoimplantation-induceddefectshavebeenruledoutforthese
systems[TO]K
qhelifetimeofthebrreferencesamplewasalsomeasuredandreportedincigK4KREgreen
curveFK Asingleexponentialfitwasdoneinthiscaseobtainingτref=1PKU±MKSmsKftis
worthnotingthatsuchlonglifetimeisconsistentwiththebrP+emissionlifetimereported
bymolmanandco-workers[U]forlowconcentrationbr-dopedsilicasystemsIindicatingthe
absenceofconcentrationquenchingeffectsinoursampleduetothelowbrimplantationfluence
EcorrespondingtoapeakbrconcentrationbelowMKOatK%Faswelasofresidualimplantation
damagenotcompletelyannealedoutbytheUMM◦Cthermaltreatmentthatmaycoupleto
thebrionsopeningnon-radiativedecaychannelsK tithrespecttothereferencesampleI
sampleCischaracterizedbyaslightlyshorterlifetimeKqhisshorteningeffectisduetothe
sputteringdepositionofthesilicaspacerthatchangestherefractiveindexofthemediumjust
abovethebrimplantedregionandthustheradiativelifetimeIasalreadydiscussedinsection
OK4K1KfnsteadthepresenceofadamagetailrelatedtothesubsequentAuimplantationcanbe
ruledout:thesamelifetimewasmeasuredfromsampleCbeforeandafterAuimplantationsK
cinalyconcerningsampleBIitsmitemporaldecayEgraycurveincigK4KRFiswelrepresented
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cigure4KR:qemporaldecaycurvesofthemisignalat1R4MnmforthedifferentsamplesIresonantlyexcited
at4UUnmK qhetimedecaycurveofthebr-implantedreferencesampleisalsoreportedfor
comparisonKqhesolidlinesarebest-fitstotheexperimentaldataK
bythelinearcombinationoftheresultsofsamplesAandCwiththesameweightingfactors
EwAandwCFobtainedfromthemeasurementsoftheintegratedmiemissionEcigK4K4FIthus
furtherconfirmingthedescriptionofsampleBasformedbytwocomponents:abouthalfof
thesamplebehavesassampleAandtheotherhalfassampleCK
4KPK4bnergy-transferasshort-rangeinteraction
cigK4KSshowsaschematicrepresentationofthebrP+miemissionat1R4Mnmofthethree
samplesforthetwoindicatedexcitationconditions:in-resonanceEupperpanelFandout-of-
resonanceElowerpanelFKqhedataareshownasafunctionofthebrandAucouplingratioIiKeKI
theintersectionareabetweenthebrandAuconcentrationprofilesEgrayareaFrelativetothe
totalbr-containingregionKAsmentionedaboveIthebrP+ionscanemitasaconsequenceof
bothdirectEresonantFexcitationandindirectEnon-resonantFsensitizationthroughtheenergy-
transfermediatedbytheAunanoclustersKqhetwomechanismsarehighlightedincigK4KS
withblueandgrayarrowsIrespectivelyKcorthedifferentpumpingconditionsthebehavior
ofthesamplesresultsbythecombinationofthesetwoprocessesKfnsampleAthedominant
excitationmechanismforthebrP+ionsistheindirectAunanoclusters-mediatedsensitization
andoccurswiththesameefficiencyforbothpumpingconditionsKlnthecontraryIinsampleC
thebrP+miemissionoccursonlyfordirectexcitationatresonantpumpingKkoluminescence
canbedetectedforout-of-resonanceexcitationK qheseparationdistancebetweenthebr
andAu-containingregionsinthissampleE1SMnmFislargeenoughtopreventanyindirect
excitationofthebrP+ionsbytheAunanoclustersKAsaconsequenceIthisdemonstratesthat
theenergy-transferprocessfromtheAunanoclusterstothebrionsisashort-rangecoupling
mechanismandcanbedescribedintheframeworkofthecörsterenergy-transfertheoryK
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cigure4KS:pchematicrepresentationofthemiemissionat1R4Mnmofthethreesamplesasafunctionofthe
brandAucouplingratioforresonantEat4UUnmItoppanelFandnon-resonantEat4TSKRnmI
bottompanelFbrP+excitationconditionsK
iong-rangeinteractioneffectsasthosemediatedbytheemissionofphotonsfromtheAu
nanoclusterssubsequentlyabsorbedbythebrionscanberuledoutKcurtherconfirmations
oftheshort-rangenatureoftheenergy-transferprocessarisefromtheresultsobtainedfor
sampleBEpartialoverlapFKqhissamplecanbeeffectivelydescribedasformedbytwoparts
thatbehaveindependently:theportionofsampleBcorrespondingtotheoverlapregionEgray
areaFbehavesassampleAIwhiletheremainingfractionEwhiteareaFactsassampleCKqhe
misignalofthissampleresultsbythecombinationoftheluminescencepropertiesofsample
AandsampleCweightedonthecorrespondinggeometricalproportionsKfnparticularIfor
out-of-resonanceexcitationconditionsat4TSKRnmthemiemissionarisesonlyfromthebrP+
ionsthatarepresentintheoverlapregionEgrayareaF;thoselyingoutsidethisregionEwhite
areaFdonotcontributetothemisignal:theycannotbedirectlyexcitedduetothenon-
resonantpumpingInortheyareindirectlysensitizedbytheAunanoclustersK qhisresultis
particularlyimportantsinceitreinforcesthestatementthattheenergy-transfermechanism
fromtheAunanoclusterstothebrionsisashort-rangeinteractionprocessdemonstrating
thatthecouplinglengthhastobeoftheorderoftheinteratomicdistancesK
TM 4K4qheroleofAukCssizeanddensityonbrP+mienhancement
4K4 qheroleofAukCssizeanddensityonbrP+mi
enhancement
fnthepresentsectionseveralaspectsconcerningthedeterminationofthebestconditions
EintermsofimplantationparametersandthermaltreatmentsFtomaximizethebrsensitized
emissionwilbediscussedKfnparticularitwilbeinvestigatedindetailhowtheratiobetween
theAu/brimplanteddosecaninfluenceboththemiintensityandthelifetimeofthebr
radiativeemissionatλ=1R4MnmKqheopticalpropertieswilalsoberelatedtotheannealing
temperatureandatmospheretoelucidatetherelationbetweenthemienhancementandtheAu
kCsgrowthinsilicaIusingbuAcpanalysistohaveastructuralcharacterizationofselectedset
ofsamplesK MoreoverIthebrP+effectiveexcitationcross-sectionandtheinteractiondistance
wereestimatedfromthecharacterizationofthemiintensityasafunctionofpumpingphoton
fluxK
4K4K1pamplesynthesis
qripleenergyESMI11Mand19MkesFAuimplantationswereperformedonsilicaslidesEeerasil
fbyeaereusFthatwerepreviouslyimplantedwithbratatotalfluenceofSKT×1M14cm−Oand
annealedatUMM℃inkOatmosphereItoactivatetheluminescenceofthebrionsIotherwise
hinderedbytheimplantation-induceddefectsEasdiscussedinsection1K4KOFK brandAu
implantationsproduceanalmostconstantconcentrationprofilesofthetwoelementsinan
implantedregionaboutTMnmthickK tiththisimplantationschemetheoverlapoftheAu
andbrdepthprofileisobtainedindependentlyfromtheionimplantationfluenceK aifferent
setsofsampleswereproducedinwhichthe[Au]/[br]concentrationratiowasspannedover
therangeMKR–1MK qheimplantationfluencesweremeasuredbyoutherfordBackscattering
ppectrometryEoBpFK
AfterAuimplantationsthesampleswereheatedattemperaturesintherangePMM–UMM℃
inkOatmospheretoinduceAuclusteringandtorecoverthesilicamatrixfromradiation
damageKcorthesampleswiththetwoextremeconcentrationratiosE[Au]/[br]=MKRand1MF
thermaltreatmentsinreducingatmosphereEAr+eOFwerealsoperformedKAnbr-implanted
silicasampleEannealedatUMM℃ inkOatmosphereFbutwithoutAudopingwasusedasa
referenceforthemeasureofthephotoluminescenceintensityanddecayrateKqhisreference
samplewilbeindicatedasbrUMMKfnthefolowingsectionthesamplelabelwilindicatethe
AuandbrconcentrationwithrespecttobrconcentrationofthereferencesampleE∼9K1×1M19
at/cmPFItheannealingtemperatureandatmosphere:eKgKIforthesamplebr1AuR-kSMMthe
brconcentrationwasequaltobrUMMsampleIwhileAuconcentrationwasaboutRtimeshigher
andthesamplewasannealedatq=SMM℃innitrogenatmosphereK
bxtendedu-rayAbsorptioncineptructureEbuAcpFexperimentswereperformedattheAu
iP-edgeinfluorescencemodeatthefaOSbeamlineoftheburopeanpynchrotronoadiation
cacilityEdrenobleIcranceFK qhemonochromatorwasequippedwithacoupleofE111Fpi
crystals;acoupleofmulti-segmentedpiezoelectricbimorphmirrorsalowedtorejectharmonics
andtofocusthebeamontothesampleKqhesampleswerecooledatOMhtoavoidradiation
damageandtoreduceasmuchaspossiblethermalvibrationsK
4K4qheroleofAukCssizeanddensityonbrP+mienhancement T1
cigure4KT:ooomtemperaturemiemissionat1R4MnmEresonantlyexcitedat4UUnmwithapumppower
ofOOmtFasafunctionoftheannealingtemperatureforbr-Auco-implantedsamplesthermaly
treatedininertkOatmosphereKfnset:comparisonofthemiemissiontrendofthebr1AuMKRsam-
plesannealedininertkOatmosphereEbr1AuMKR-kFandreducingAr+eOatmosphereEbr1AuMKR-
eFKqhesolidlinesaredaussianfitsasdescribedinthetextK qhelegendreportsthenominal
[Au]/[br]concentrationratioKqhehorizontaldashedlinesindicatethemiintensityofthebrUMM
referencesampleK
4K4KOfnfluenceofAukCssizeanddistributiononmiintensity
cigK4KTreportstheevolutionoftheroomtemperaturemiemissionintensitymeasuredat
λ=1R4Mnmasafunctionoftheannealingtemperatureforthebr-Auco-implantedsilica
samplesthermalytreatedinnitrogenatmosphereKcoralthesampleseriesthebrpeakcon-
centrationwas∼9K1×1M19at/cmPIwhileAuconcentrationwasvariedfrom4KP×1M19at/cmP
to9KS×1MOMat/cmPinordertoobtain[Au]/[br]concentrationratiosthatspanovermorethan
oneorderofmagnitudeKqhemimeasurementshavebeenperformedwithresonantexcitation
atλ=4UUnmIasdescribedinsection1KPK1Kqheinsetshowsthecomparisonofthemiemission
trendforthesampleswiththelowestimplantationdoseEbr1AuMKRseriesFannealedininert
EkOFandreducingEAr+eOFatmospheresKqhehorizontaldashedlineindicatesthemisignal
ofthereferencesampleEbrUMMFIthatisthebr-dopedsilicasamplepriortoAuimplantationK
fnthewholerangeofAuconcentrationsexploredandforbothannealingatmospheresIthe
temperatureevolutionofthemiintensityischaracterizedbyanincreaseuptoamaximum
valueIandasubsequentsignificantdecreasedowntomisignalssimilartoorlowerthanthe
valueofthereferencesampleKfnordertoreproducethistrendtheexperimentaldatawere
fittedwithadaussianfunctionEsolidlinesincigK4KTFKcorthesampleswiththehighestAu
concentrationsEbr1AuRandbr1Au1MFapolynomialbackgroundhasbeenalsoaddedtothe
daussianfunctiontofitthelowtemperaturedataKqhisbackgroundisneededtoaccountfor
themisignalthatcanbemeasuredinthesesamplesalreadyatlowannealingtemperatures
Eq<RMM℃FwhichisinsteadnegligibleinthesamplesimplantedatlowerAufluenceEbr1Au1
andbr1AuMKRseriesFKqhesefitshavebeenusedasaguidefortheeyeandtoextractthepeak
parametersEmipeaktemperatureandpeakintensityFKqhefirstincreaseofthemiintensity
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hastoberelatedtotheprogressiveaggregationofdispersedAuatomsinsmalclustersaswel
astotherecoveryofthematrixfromradiationdamageIwhiletheobserveddecreaseathigher
temperaturesisrelatedtothefurtherAuclustergrowththatreducestheoveralnumberof
clusterperunitvolumeandincreasestheaveragesize[P9]KBotheffectspromoteaprogressive
reductionoftheefficiencyintheenergy-transfermechanismbecausetheincreaseoftheaverage
distancebetweenAukCsandbrionsdecreasesthecörsterlikeenergy-transferefficiencyIand
thetransitionfrommolecular-liketo"bulk"characteroftheaggregateshasbeendemonstrated
tohaveadetrimentaleffectonbrsensitization[TP]K konethelessfromthedataincigK4KT
itemergesalsoclearlythatboththeAuimplantationfluenceandtheannealingatmosphere
havearemarkableeffectonthetemperatureevolutionofthemiemissionIinparticularon
thepeakpositionEpeaktemperatureFandthemaximumintensityK
cigure4KU:mimeaktemperatureEmainpanelFandmipeakintensityEinsetFasafunctionofthe[Au]/[br]
concentrationratioofsampleseriesannealedinkOatmosphereEgraydotsFandAr+eOatmo-
sphereEreddotsFKqheopencirclesarethedataobtainedfromthetwosampleseriesbrMKTAu1
andbrMKTAuRK
fnordertoanalyzethiseffectthemipeaktemperatureandthepeakintensityobtainedfrom
thedaussianfitswereplottedasafunctionofthe[Au]/[br]concentrationratioincigK4KUK
qheopencirclesrepresenttheresultsobtainedfromtwodifferentseriesofbr-Auco-implanted
samplesEbrMKTAu1andbrMKTAuRFannealedinkOatmosphereinwhichbrwasimplantedat
alowerfluenceE4KT×1M14cm−OFKqhesedatacanbetreatedconsistentlywiththoseofalthe
othersampleseriesconfirmingthatthemechanismstobeconsideredareindeeddependenton
therelativeconcentrationofAusensitizersandbrionsandindependentoftheabsolutebr
concentrationwhenitiskeptbelowtheconcentrationquenchinglimitKAsshownincigK4KUI
thepeaktemperatureischaracterizedbyamonotonicdecreaseforincreasingthe[Au]/[br]
ratioKqhedashedlineisalinearfitofalthedatarelativetosamplesannealedinnitrogen
atmosphereEgraydotsandopencirclesFK qhisresultcansuggestthatthethermalenergy
requiredtoobtaintheoptimumAukCssizedistributiondecreaseslinearlywiththeincrease
oftheAurelativeconcentrationK qhedataofthesamplesannealedinAr+eOatmosphere
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EreddotsFseemtolieonasimilarlineartrendbutwithasmalerslopeIprobablybecause
thereducingatmospheredecreasestheAuclusteringrateinsilica[P9]KlnthecontraryIthe
evolutionofthepeakintensityasafunctionoftherelativeAuconcentrationwithrespectto
brEseeinsetincigK4KUFisdefinitelynotmonotonicbutexhibitsamaximumforan[Au]/[br]
ratioequalto1IiKeKIwhentheAuconcentrationequalsthebroneKftisworthhighlighting
thatselectingproperlythe[Au]/[br]ratioandtheannealingtemperaturethemisignalof
thecharacteristic4f1P/O→4f1R/ObrP+radiativetransitioncanbeenhancedbyanorderof
magnitudeK
fnordertogetstructuralinformationonthesamplesIx-rayabsorptionspectroscopymea-
surementsEbuAcpFofsomeselectedbr-Auco-implantedsampleshavealsobeenperformedK
qhedatashowaprogressiveincreaseoftheaverageAuclustersizeinthesamplesbyincreasing
theannealingtemperatureandIforagiventemperatureIbyincreasingtheAuimplantation
fluenceK AuclustersmadeofaboutRMatomsareformedinthebr1Au1M-kUMMsampleIrep-
resentingthelargestkCsproducedinalthesampleseriesK Bycomparingthemiresults
withthebuAcpdataitemergesthatforeachsampleseriesthemaximumofthebrP+lu-
minescenceisobtainedatannealingtemperaturesthatinducetheformationofultra-smal
Aunanoclustersmadeoflessthan1M–OMatomsK MoreoverIthemaximumofthemiemission
correspondstotheformationofAuclusterswhoseaveragesizedecreasesbydecreasingtheAu
implantationfluenceEiKeKIaboutOMatomsfortheseriesbr1Au1M-kI1Tatomsforbr1AuR-k
andabout1Matomsforbr1AuMKR-kFKqhisbehaviorcanbeunderstoodtakingintoaccounts
thattheAuimplantationprocessfolowedbythermaltreatmentsisexpectedtoinducethe
growthofAuclusterswithadistributionofsizesthatisdependentontheAufluencebeing
narrowerforlowerAuconcentrationsIthusresultinginanaverageAuclustersizeIasesti-
matedbybuAcpIsmalerforlowerAufluencesKAltheseresultsalowtoclarifythetrend
ofthemipeaktemperatureshownincigK4KUK qheincreaseofthepeaktemperaturefor
decreasing[Au]/[br]concentrationratiosisindeedrelatedtothegrowthoftheAukCsinthe
optimalsizerangeforthebrsensitizationE1M–OMatomsFthatoccursatincreasingannealing
temperaturesfordecreasingAuconcentrationsK
4K4KPfnfluenceofAukCsizeanddistributiononbrP+lifetime
curtherinsightsintotheroleoftheAusub-nanometricclustersasbrsensitizerscanbegained
bystudyingthetemporaldecayofthebrP+luminescentemissionat1R4MnmK qothisaim
time-resolvedmimeasurementswereperformedonaltheinvestigatedsamplesK auetoits
non-exponentialcharacterIthemitemporaldecayofthesampleswasfittedwithastretched
exponentialdecayfunctionleavingthelifetimeEτFandthestretchingparameterEβFasfree
parametersforthecalculationsKqheeffectivelifetimeEτeffFofthebrP+luminescentemission
wasthenestimatedthroughtheequationE4KUFKfncigK4K9theresultsofthesefittingsobtained
fromthesamplesannealedinnitrogenatmosphereforresonantpumpingconditionsat4UUnm
arereportedKlut-of-resonanceEatλ=4TSKRnmFlifetimemeasurementswerealsoperformed
providinginalcasesthesameresultsK
fnbothpanelsincigK4K9thehorizontaldashedlineindicatestheresultsfromthebrUMM
referencesampleKAsingleexponentialdecayEβ=1Fwasmeasuredinthiscasewithalifetime
τ∗=E1MKT±MKOFmsKConsideringthedatareportedincigK4K9EaFitcanbeobservedthatforal
thesampleseriesthemieffectivelifetimeincreasesbyincreasingtheannealingtemperatureK
qhisbehaviorisconsistentwithaprogressiverecoveryuponannealingofirradiationdefects
thatmayactasnon-radiativerecombinationcentersIthusincreasingtheprobabilityforthe
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cigure4K9:EaFbffectivelifetimeEτeffFandEbFstretchingparameterEβFofthebrP+miemissionat1R4M
nmasafunctionoftheannealingtemperatureforthebr-Auco-implantedsamplesannealedin
kOatmosphereKqhesampleswereresonantlyexcitedat4UUnmK
brde-excitationKftisworthnotingthatevenforthelowestAufluenceEbr1AuMKRseriesF
itisnotpossibletocompletelyrecovertheemissionlifetimeofthebrUMMreferencesampleK
qherecoveryofthesilicamatrixduetotheimplantationdamagewilbediscussindetail
inthenextsectionIbutitisworthanticipatingthatthelifetimeshorteningduetothenot
completelyrecoveredsilicahostdoesnotproducestretchedexponentialmidecaycurvesand
thatathighannealingtemperaturethedamageisfulyrecoveredEiKeKthelifetimereaches
thevaluebeforeionirradiationFK qhusIthisshorteningeffectonthebrP+lifetimeinthe
co-implantedsampleshastobeascribedtothepresenceofAuclustersinthesamplesacting
asbrsensitizersandnottotheformationofnon-radiativerecombinationcentersrelatedto
irradiationdefectsK MoreoverIatthehighestannealingtemperaturesIthesamplesimplanted
atlowerAufluencesarecharacterizedbyaτeffwhichisabouttwicethevaluedetermined
fromthesamplesimplantedathigherAufluencesIprobablyduetothehigherAuclustersize
anddensityinthesamplesimplantedathigherAufluenceKiastlyIitisworthconsideringthat
aminoreffectduetothemodificationofthelocaldielectricenvironmentaroundthebrions
inducedbythepresenceoftheAunanostructurescannotbedefinitelyruledoutKkonethelessI
duetotheultra-smalAuclustersizeandthesizedistributioninducedbytheAuimplantation
processIaquantitativeestimationaprioriofsucheffectisverydifficultanditspossiblerole
canonlybeguessedK
curtherinformationcanbegainedfromthevaluesofthestretchingparameterEβFdeter-
minedfromthedifferentsamplesEseecigK4K9EbFFKqhestretchingparameterindeedaccounts
foradispersionintherelaxationratesofthebrionscausedbylocalinhomogeneitiesinthebr
ionlocalenvironmentinducedbytheAuincorporation[P9]KcoraltheAufluencesinvesti-
gatedIthevaluesofβarecloseto1EsingleexponentialdecayFforthesamplesannealedatlow
temperaturesEq<RMM℃FanddecreaseforincreasingannealingtemperaturesKqhissuggests
thattheAuclustergrowthoccurringatincreasingannealingtemperaturesisaccompaniedby
acorrespondingincreaseofconfigurationaldisorderwhichismorepronouncedwhentheAu
fluenceishigherKlntheotherhandIattheannealingtemperaturesthatinducethemaximum
miemissionofthedifferentsampleseriesthestretchingparameterresultshigherwhenthe
4K4qheroleofAukCssizeanddensityonbrP+mienhancement TR
AuconcentrationislowerIindicatingagainanarrowerdispersionofthebrrelaxationrates
whenlowerAufluencesareimplantedKcurthermoreIitisworthnotingthatforthelowestAu
concentrationEbr1AuMKRseriesFβresultshigheruponannealinginreducingatmospherethan
ininertoneEparticularlyincorrespondencetothemaximumofthemiemissionFIsuggesting
thepresenceofalowerconfigurationaldisorderinthefirstcaseK
4K4K4bffectivecross-section
Averyimportantparameterthatcharacterizestheenergy-transferprocessfromAukCs
tobrionsistheeffectivecross-sectionforbrsensitizationIσeffKfntheaimofproviding
anestimationofthisparameterforthebr-AuinvestigatedsamplesIthebrP+luminescent
emissionat1R4Mnmwasmeasuredasafunctionofthephotonfluxwithout-of-resonance
excitationEatλ=4TSKRnmFKcorthedifferentsampleseriesthemeasurementswereperformed
onthesamplesannealedattheconditionsthatproducethehighestmiemissionat1R4MnmI
iKeKIcharacterizedbythestrongestsensitizationeffectE“best-performing”samplesFKcorout-
of-resonancepumpingconditionstheexcitationofthebrionsoccursonlyindirectlyImediated
bytheenergy-transferfromtheAuclustersK cromaphenomenologicalpointofviewIthe
processcanbedescribedbythefolowingrate-equation[O4]:
dk∗sbr
dt =ts−
k∗sbr
τI E4K9F
wherek∗sbristheconcentrationofexcitedbrionssensitizedthroughenergy-transferbytheAukCsandτisthebremissionlifetimeinthebr-Auco-implantedsamplesIthattakesinto
accountboththeradiativeandthenon-radiativelifetimeKtsrepresentsthesensitization
rateanddescribestheeffectiveincreaseintheexcitedbrpopulationduetothesensitization
processfromtheAukCsKtsisproportionaltothephotonfluxEφFandcanbewritteninthe
formts=σeffφEfskbr−k∗sbrFIwhereσeffistheeffectivecross-sectionwhenbrionexcitationismediatedbytheAusensitizersIandfsisthefractionofthetotalpopulationofopticaly
activebrionsEkbrFthatcanbeindirectlysensitizedbytheAunanoclustersKBytakingthe
steady-statesolutionofequationE4K9Fandconsideringthatthebrluminescentintensityis
proportionaltotheexcitedbrpopulationEiKeKIfmi∝k∗sbr/τradwithτradtheradiativelifetimeofthebrexcitedstateinthebr-Auco-implantedsamplesIdifferentfromtheonedetermined
forbrdopedsilicaFthebrmiintensitywilbegivenbytheequation:
fmiEφF∝fskbr ττrad
σeffφ
1+σeffτφ=fskbrn
σeffφ
1+σeffτφK E4K1MF
n=τ/τradisthequantumyieldofthebremissiontransitionat1R4Mnminthebr-Auco-
implantedsamplesK qheeffectivecross-sectionσeffforbrsensitizationcanbeestimatedby
fittingtheexperimentaldatawithequationE4K1MFK AsanexampleincigK4K1MEaFthemi
intensityisplottedasafunctionofthephotonfluxofthesamplesbr1Au1-kTOMIbr1AuR-
kSOMandbr1Au1M-kSMMKqhesolidlinesarethebest-fitresultsaccordingtoequationE4K1MFK
qheeffectivecross-sectionsestimatedforalthe“best-performing”samplesarereportedin
qable4K1Kqhenumericalresultshavebeencalculatedbyusingthebremissionlifetimesτeff
reportedincigK4K9KqhedataareplottedincigK4K1MEbFversusthe[Au]/[br]concentration
ratioK AsincigK 4KUIdifferentsymbolsareusedtoindicatethesamplesannealedinkO
atmosphereEgraydotsFIinAr+eOatmosphereEreddotsFandsampleswithalowerbrcontent
EopencirclesFKqhedashedlinehastobeusedasaguidefortheeyeKqhedataincigK4K1MEbF
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cigure4K1M:EaFmiintensitymeasuredat1R4Mnmasafunctionofthephotonfluxofthesamplesindicated
inthelegendKqhemeasurementshavebeenperformedwithout-of-resonanceexcitationat4TSKR
nmKqhecontinuouslinesarebest-fitstothedataaccordingtothemodeldescribedinthetextK
EbFbffectivecross-sectionsmeasuredat4TSKRnmasafunctionofthe[Au]/[br]concentration
ratioK qhevalueswereestimatedfromthesamplesthatexhibitthemaximummiemissionof
eachsampleseriesK qhedifferentsymbolsindicatesamplesannealedinkOatmosphereEgray
dotsFIinAr+eOatmosphereEreddotsFandsampleswithalowerbrcontentEopencirclesFI
respectivelyKqhedashedlineisreportedasaguidefortheeyeK
showthatthetrendofσeffasafunctionofthe[Au]/[br]concentrationratioisnotmonotonic:
amaximumEoftheorderofU×1M−1UcmOFisobtainedforaconcentrationratio[Au]/[br]of
aboutRK
4K4KRcractionofsensitizedbrionsandAukCsvolumeofinteraction
corresonantpumpingconditionsEatλ=4UUnmFItheexcitationofthebrionsmayoccur
throughtwopaths:indirectlyImediatedbytheenergy-transferfromtheAukCsensitizers
anddirectlybythepumpingbeamthroughthe4f1R/O→4cT/ObrP+transitionKqoaccountfor
thesetwomechanismsIthemiemissionintensityat1R4Mnmmeasuredbyexcitationat4UU
nmcanbewrittenasafunctionofthephotonfluxas:
fmiEφF∝fskbrn σeffφ1+σeffτφ
+fdkbrnσφK E4K11F
qhefirsttermintheright-handsideofequationE4K11Fdescribesthecontributiontothemi
signalarisingfromthefractionfsoftheopticalyactivebrionsindirectlysensitizedbytheAunanoclustersIwhilethesecondtermisintroducedtotakeintoaccountthedirectexcitation
oftheremainingfractionfdEfs+fd=1FKfnthiscasethesensitizedfractionisindicatedasfstodistinguishitfromthecorrespondingvalueinequationE4K1MFIsincedifferentsensitizedfractionshavebeenestimatedforresonantandnon-resonantbrexcitationconditionsK qhe
explanationofthisresultwilbediscussedindetailfurtherinthetextKσeffistheeffectivecross-sectionofthesensitizationprocessforexcitationat4UUnmKpincetheenergy-transfer
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qable4K1:cittingresultsaccordingtothemodeldescribedinthetextofthebr-Auco-implantedsamples
annealedattheconditionscorrespondingtothehighestmiemissionat1R4MnmKkistheaverage
numberofAuatomsperclusterasestimatedbylinearinterpolationofthebuAcpresultsK
pamples [Au] k σeffE4TSKRnmF fs fs fd n oint oint[×1MOMat/cmP] [×1M−1UcmO] [%] [%] [%] [%] [nm] [nm]
br1AuMKR-kTMM MK4P 9±P PK4±MKU MKRM MKP9 99KS1 ORKTM MKSR MKS1
br1AuMKR-eTMM MK4P 9±P OK4±MKO MKTR MKRM 99KRM TPKM4 MKT4 MKSR
br1Au1-kTOM 1KM 1O±4 PKS±MKO 1KMM MKT4 99KOS TOK9O MKS9 MKSP
brMKTAu1-kTOM 1KM 1O±4 OKT±MKO 1KS4 1KOU 9UKTO PPKR4 MKUM MKT4
br1AuR-kSOM 4KP 1S±S TK1±MKU MKO9 MK1S 99KU4 RMKR4 MK4P MK41
brMKTAuR-kSOM 4KP 1S±S UKM±1K1 MKOS MK1S 99KU4 4PKSO MK4O MK4M
br1Au1M-kSMM 9KS OM±1M PK9±MKR MKTP MKR1 99K49 PMKOU MKRM MK4U
br1Au1M-eSMM 9KS 11±4 OK9±MKP 1KMO MKST 99KPP OTK4U MK4M MKPU
processfromtheAukCstothebrionswasdemonstratedtobemediatedbythebroad-band
interbandabsorptiontransitionsoftheAunanoclustersEseeoefK[P9]FIσeffcanberelatedtothevalueestimatedat4TSKRnmEσeffFconsideringtheexpressionσeff=Eα/αFσeffwithαandαbeingtheabsorptioncoefficientsat4UUnmand4TSKRnmIrespectivelyKcorthesamples
understudyaratioα/α=MKUTwasestimatedbyrs-sfpabsorptionmeasurementsKσisthe
intrinsicemissioncross-sectionofthebrP+ionsforthe4f1P/O→4f1R/OtransitionK
AsanexampleIincigK4K11isreportedthemiintensitymeasuredat1R4Mnmasafunction
ofthephotonfluxofthesamplebr1Au1-kTOMEreddotsFforexcitationat4UUnmKqhemi
signalofthebrUMMreferencesampleisalsoreportedEgraydotsFKfnthiscasethemiemission
increaseslinearlywiththephotonfluxinthewholerangeexploredanditbehavesaccording
tothefolowingexpression:
f∗miEφF∝kbrτ
∗
τ∗rad
σφ=kbrn∗σφ E4K1OF
wheren∗=τ∗/τ∗radisthequantumyieldofthebrUMMreferencesampleKAreasonableestima-tionofn∗=MKTScanbeobtainedconsideringthemeasureddecaytimeofthebrUMMreference
sampleandusingforτ∗radthevalueof14K1msasgivenbymolmanetalKinoefK[U]Kqoquantitativelyanalyzetheexperimentalmidataanddeterminethemorerelevantpa-
rametersEsensitizedfractionsIquantumyieldIinteractiondistanceFIitisnecessarytohavean
independentestimationoftheintrinsicemissioncross-sectionofthebrP+ionsIσKauetothe
lowbrconcentrationinthesamplesEbelow1%atKFandthereducedthicknessofthebrcon-
taininglayerEaboutTMnmFadirectmesurementofσisdifficultKkodeviationfromthelinear
trendandsaturationeffectwasobservedinthemeasurementsofthemiemissionintensity
asafunctionofthephotonfluxofthebrUMMreferencesampleuptothehighestfluxvalues
achievableKkonethelessanindirectestimationofσcanbeobtainedapplyingthecuchtbauer-
iadenbergapproachtotheanalysisofthebrP+emissionspectrum[4S]Iasdescribedinsection
1KPKSKqheinsetincigK4K11showstheroomtemperaturemiemissionspectrumofthebrUMM
referencesampleKBythecuchtbauer-iadenberganalysisσ=4K4×1M−O1cmOwasobtainedthat
isinreasonableagreementwiththecross-sectionvaluesdeterminedwithdifferentmethods
forvariousbr-implantedphotonicmaterials[U]K Asitwasexpectedthevalueofσisvery
lowandmorethanthreeordersofmagnitudelowerthantheeffectivecross-sectionforbr
ionssensitizationthroughenergy-transferestimatedforthebr-Auco-implantedsamplesEsee
qable4K1F
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cigure4K11:miintensitymeasuredat1R4Mnmasafunctionofthephotonfluxofthesamplesbr1Au1-kTOM
EreddotsFandthebrUMMreferencesampleEgraydotsFKqhemeasurementshavebeenperformed
withresonantexcitationat4UUnmKqhecontinuouslinesarebest-fitstothedataaccordingto
themodeldescribedinthetextKqhereddashedlinerepresentstheestimatedcontributionto
thetotalmisignalofthesensitizedbrfractioninthebr1Au1-kTOMsampleK
fnset:ooomtemperaturemispectrumofthebrUMMreferencesampleK
diventhatthemeasurementsofmiintensityversusphotonfluxofaltheinvestigated
sampleshavebeencolectedwiththesameacquisitionparametersasthoseusedforthebrUMM
referencesampleIforthequantitativeanalysisofthemiintensityasafunctionofphoton
fluxat4UUnmIitwaschosentoperformbest-fittingsoftheexperimentaldataofthedifferent
br-Auco-implantedsamplesnormalizedtothatofthebrUMMreferenceKqhisapproachhasthe
advantageofreducingthenumberoffreefittingparametersandasaconsequenceofstrongly
improvingthestabilityofthefittingalgorithmprovidingmoreaccurateresultsK qhusIthe
folowingexpressionwasused:
fmiEφF
f∗miEφF
=fsσeffσ
n
n∗
1
1+σeffτφ
+fdnn∗ E4K1PF
withfsandnastheonlyfreeparametersEfs+fd=1FKAsummaryoftheobtainedresultsforaltheinvestigatedsamplesisreportedinqable4K1KqheredsolidlineincigK4K11isthe
best-fitresulttothedataofsamplebr1Au1-kTOMKqhereddashedlineshowsthecontribution
tothetotalmisignalarisingfromthefractionofbrionsindirectlysensitizedthroughenergy-
transferbytheAukCsIiKeKIthefirsttermineqKE4K11FKftisworthnotingthatafurther
assumptionisimplicitlydonewhenusingequationE4K1PFforfittingtheexperimentaldataI
iKeKIthatthenumberofopticalyactivebrionsinthebrUMMreferencesampleEkbrFdoesnot
changeasaconsequenceofthesubsequentimplantationofgoldIsobeingreducedinequation
E4K1PFKqhishypothesisisquiteplausiblefortheanalyzedsamplesIwhichwerealannealedat
thetemperaturesthatinducethehighestmiemissionforthedifferentsampleseriesEabove
4K4qheroleofAukCssizeanddensityonbrP+mienhancement T9
RMM◦CinalthecasesFKqhereforeIitisassumedthatsuchannealingtreatmentsmaybeable
torestorethenumberofopticalyactivebrionstotheinitialvalueinthebrUMMreference
sampleKaifferentlyIifthisisnotthecaseItheonlyparameteraffectedbythisassumptionis
thequantumyieldInEseeqable4K1FIthatwouldbeunderestimatedandcanbeconsideredas
alowerlimitKAnimportantresultthatemergesfromthedatainqable4K1isthatforalthe
investigatedsamplestheestimatedsensitizedfractionsareverysmalIbelow1%Kqhismeans
thatinspiteoftheveryhighsensitizationcross-sectionsdemonstratedIthenumberofbrions
thatcanbeefficientlyexcitedthroughtheenergy-transferfromtheAunanoclustersisindeed
muchlimitedK MoreoverIinalcasesthesensitizedfractionsestimatedforout-of-resonance
pumpingconditionsresulthigherthanthevaluesobtainedatresonantexcitationEfs>fsFKqhephysicalexplanationofthisresultisgivenindetailinthefolowingKqheotherparameter
thathasbeenestimatedwiththefittingproceduredescribedaboveisthequantumyieldof
thebremissiontransitionnKqheresultsrevealthatthisparameterisstronglydependenton
the[Au]/[br]concentrationratioKfnparticularaquantumyieldsn>TM%isestimatedfor
thebr1Au1-kTOMsamplethathasthehighestmienhancementfactorKfnterestinglyIthesame
resultisobtainedforthebr1AuMKR-eTMMsamplewhilethecorrespondingsamplethermaly
treatedinnitrogenatmosphereEbr1AuMKR-kTMMFhasavalueofnafactorofPlowerK ko
effectrelatedtotheannealingatmosphereinsteadappearsforthesamplesofthebr1Au1M
seriesthatshowinbothcasesalowquantumyieldofaboutPM%K
fnthelasttwocolumnsinqable4K1theinteractiondistancesestimatedforexcitationat
4TSKRnmEointFand4UUnmEointFarereportedKqheestimationoftheinteractiondistanceswascarriedoutconsideringarandomdistributionofbrionsandAuclustersinthesamples;a
quantitativeestimationoftheinteractionvolumesintEiKeKIthevolumecontainingthefraction
fsofbrionsexcitedthroughtheenergy-transferfromtheAusensitizersFcanbeobtained
accordingtotherelation:
sint=fsk[Au]=
4π
PEoc−ointF
P E4K14F
where[Au]isthegoldconcentrationinthesamplesandk istheaveragenumberofAu
atomsperclusterdeterminedbybuAcpanalysesK AlinearinterpolationofthebuAcp
resultsobtainedatfixedannealingtemperatureasafunctionoftheAuimplantationfluence
hasbeendonetodeterminek foraltheinvestigatedsamplesK qheresultingvaluesare
reportedinqable4K1Kqheratio[Au]/kthusrepresentstheAuclusterconcentrationinthe
samplesK qhesecondequalityinequationE4K14Fcanbeusedtodeterminetheinteraction
radiusointbetweentheAunanoclustersandthebrionsassumingtheinteractionvolume
asasphericalshelaroundtheAunanoclusterKointrepresentsthemaximumdistancefrom
theAunanocluster’ssurfaceatwhichanbrioncanbesensitizedKocistheaverageAu
clusterradiuscalculatedaccordingtotherelation:oc=oaP√k Eoa=MK1RMRnmisthe
averageradiusofanAuatomintheclusterF[P9]Kqheinteractionradideterminedwiththis
methodfromthedifferentsamplesinvestigatedinthepresentworkarereportedinqable4K1K
coralthesamplestheresultingvaluesareintherangeMK4-MKUnmdemonstratingthatthe
energy-transferprocessfromtheAukCstothebrP+ionsisindeedaninteractionmechanism
occurringatveryshort-rangeK
curthermoreIshorterinteractiondistancesweredeterminedforexcitationat4UUnmEointinqable4K1Fwithrespecttothevaluesestimatedat4TSKRnmEointFK kumericalyIthisis
duetothefactthatthesensitizedfractionsestimatedfromtheanalysisofmidatameasured
at4UUnmresultsmalerthanthoseevaluatedat4TSKRnmforaltheinvestigatedsamplesK
UM 4K4qheroleofAukCssizeanddensityonbrP+mienhancement
cigure4K1O:pchematicrepresentationofthesensitizationefficiencyEηsFasafunctionoftheradialdistance
rbetweentheAunanoclusterandthebrP+ionKεdistheefficiencyfordirectexcitationof
thebrP+ionsthroughabsorptionofthe4UUnmpumpingbeamKointandointareinteraction
distancesestimatedforin-resonanceEatλ=4UUnmFandout-of-resonanceEatλ=4TSKRnmF
excitationconditionsKaistancesarenotinscaleK
cromthephysicalpointofviewIatentativeexplanationofthisresultissketchedincigK4K1OK
corout-of-resonancepumpingconditionsEat4TSKRnmFthebrionsareexcitedindirectly
throughtheenergy-transferfromtheAunanoclustersK qheefficiencyofthisprocessEηsFis
veryhighduetothelargeeffectivecross-sectionforindirectsensitizationIbutitisexpectedto
decreasemonotonicalybyincreasingtheradialdistancebetweentheAunanoclusters’surface
andthebrionsEatypicalr−Sdependencecanbeconsideredfordipolarinteractionswhile
anexponentialdecaywouldbeexpectedforexchangemechanisms[TTITU]FK ConverselyIfor
resonantpumpingconditionsEat4UUnmFtheexcitationofthebrionsoccursbothdirectly
throughtheabsorptionoftheincomingphotonsbythebrionsandindirectlyImediatedby
theenergy-transferfromtheAusensitizersK qheefficiencyofdirectexcitationEηdFismuch
lowerthanηsEσ<<σeffFbutcanbeconsideredconstantacrossthesampleK qhereforeIat
distancesfromthesurfaceoftheAukCsatwhichtheefficiencyforindirectsensitizationofthe
brionsbecomessmalerthantheonefordirectexcitationEηsErF<ηdFIthedirectexcitation
mechanismprevailsKqheinteractionradiusdeterminedfromtheanalysisofmimeasurements
performedat4UUnmEointFcanbeinterpretedinthisframeworkasanestimationofsuchcrossing-pointK Atnon-resonantpumpingconditionsontheotherhandIduetothelackof
othercompetitivemechanismsalsothebrionslyingatdistancesfromtheAunanoclusters’
surfacecorrespondingtothetailsoftheefficiencycurvecontributetothemisignalgiving
risetolargersensitizedfractionsandinteractionradiK
4K4qheroleofAukCssizeanddensityonbrP+mienhancement U1
4K4KS Multi-lineexcitation
qheresultsreportedinthissectiondemonstratedthatAukCsformeduponionimplantation
andthermaltreatmentsareveryefficientsensitizingagentsforbrexcitationandactingon
theimplantationandannealingparametersitispossibletogainuptooneorderofmagnitude
ofimprovementinthebrmiemissionatλ=1R4MnmK lntheotherhandIthemechanism
ofsensitizationhasbeendemonstratedtobeanon-resonantenergy-transferprocessfromthe
Aunanoclusterstothebrionsmediatedbythebroad-bandinterbandabsorptionoftheAu
nanoclustersK
cigure4K1P:miemissionat1R4Mnmasafunctionoftheannealingtemperatureofsamplesbr1Au1-kfor
thethreedifferentpumpingconditions:inresonanceE4UUnmFIout-of-resonanceE4TSKRnmFand
multi-lineexcitationKqheintensitieshavebeennormalizedtothelaserpowerat4UUnmK
qhereforeitisworthtostresstheimportanceofbroad-bandpumpingtogainfurtheren-
hancementsofthebremissionefficiencyKqhishasindeedimportanttechnologicalentailments
forthepossibleapplicationsofthesesystemsinoptoelectronicdevicesKqothisaimIincigK
4K1Pitisreportedthemiintensityasafunctionoftheannealingtemperatureofthebr1Au1-
ksamplesIobtainedwithdifferentpumpingconditions:resonantexcitationEatλ=4UUnmFI
out-of-resonanceconditionEatλ=4TSKRnmFandmulti-linepumpingKfnthelastcasealthe
emissionlinesoftheArlaserhavebeenusedatthesametimetomimicapossiblecontinuous
broad-bandpumpingschemeKqoquantitativelycomparetheintensitiesIduetothedifferent
powerofthelaseratthedifferentemissionwavelengthsIthemisignalshavebeennormalized
tothelaserpowerat4UUnmK qhesamebehaviourisobservedforalthesampleseries:a
slightlyhighermiemissionat1R4Mnmisdetectedataltheannealingtemperaturesforout-of-
resonancepumpingconditionswithrespecttoresonantexcitationIduetotheslightlyhigher
absorptioncross-sectionoftheAuclustersatλ=4TSKRnmwithrespecttoλ=4UUnmKpuch
effectisstronglyamplifiedwhenthemulti-linepumpingisusedIwithanincreaseofmorethan
afactoroftwointhemipeakintensityIthatresultsinthiscaseinanamplificationofthebr
emissionsignalof1TtimeswithrespecttothereferencesampleK
UO 4KRfmplantationdamageeffectsonthebrP+luminescenceinsilica
4KRfmplantationdamageeffectsonthebrP+luminescencein
silica
AftertheinvestigationonthebrP+photoluminescencepropertiesinthepresenceofAukCsI
animportantpointthatisstilopenconcernsthepossiblesynergisticroleofthedefects
inducedinthesilicamatrixbytheAuimplantationonthebremissionKfndeedIwhenanion
isimplantedinasubstrateawealthofcomplexdefectiveand/orchargedconfigurationsare
generatedalongthecolisionalcascadeKqhephysicsandthermodynamicsofsuchdefectsand
theirinteractionsunderthermalannealingcanlargelyinfluencethefunctionalpropertiesofthe
systemKfnparticularItheycouldinprincipleaffectboththerare-earthsensitizationprocess
anditsluminescencequenchingK qheaimofthepresentsectionisthereforetoinvestigate
thisaspectIbydecouplingthesensitization mechanismtriggeredbythe molecule-likeAu
clustersfromthedefectscreationduringAuimplantationK corthisreasonIbrandueco-
implantationshavebeenperformedfolowingthesameparametersusedtoproducethebr-Au
co-implantedsamplesKuehasbeenchosenasco-dopantinordertoreleasetothesilicamatrix
animplantationdamageassimilaraspossibletothatinducedbyAuimplantation[TO]K
4KRK1pamplesynthesis
pilicaslabshavebeenimplantedwithbrionswiththesameparameterschosenintheprevious
sectionforthereferencesamplebrUMMKqhesamplewasthenannealedatUMM℃ for1hour
inkOatmosphereandasubsequenttripleenergyE1RMI9MandRMkesFueimplantation
hasbeenperformedtooverlapthebrdepthconcentrationprofileK qheimplanteddosewas
ETKU±MK9F×1M1Rue+/cmOIinordertohaveandexpectedimplantationdamageonbrimplanted
silicasimilartotheoneinducedbytheAu+implantationwiththehighestinvestigateddose
Esampleslabeledbr1Au1MintheprevioussectionFKAccordingtosimulationsobtainedwith
thepofM-OMMUcode[4U]Iithasbeenevaluatedthatattheenergiesfortheueimplantationthe
nuclearandelectronicenergylossesofueinsilicaareaboutPM%lowerthanthecorresponding
quantitiesforAuinsilicaKqhereforetobetterreproducetheimplantation-induceddamagea
uefluenceaboutPM%higherwithrespecttotheAuonewasusedIresultinginaue/brratio
ofabout1OKqhebr-ueco-implantedsampleswereannealedfor1hourinkOatmospherein
thetemperaturerangePMM–UMM℃K
4KRKOmimeasurements
fnordertoevaluatetheeffectofueimplantationonthebrP+emissionpropertiesIboththe
miintensityandthelifetimeofthebrP+radiativetransitionat1R4Mnmofthebr-ueco-
implantedsampleshavebeenmeasuredandcomparedtothecasewithoutueimplantationK
mimeasurementwereperformedwithresonantEatλ=4UUnmFandnon-resonantconditions
Eatλ=4TSKRnmFwiththeset-updescribedinsection1KPK1Kueimplantationhavebeenper-
formedonsilicaslabspreviouslyimplantedwithbrandannealedfor1hinkOatmosphere
atUMM℃Kcorthisannealingconditionthebr-implantedsamplesexhibitamiintensityclose
toitsmaximumvalueKkonethelessIafterueimplantationunderresonantexcitationsuchlu-
minescentemissioniscompletelysuppressedandannealingtreatmentsattemperaturesabove
SMM℃arenecessarytorestoreitK MoreoverItheannealingevolutionofthemiemissionafter
ueimplantationiscomparablewiththeonemeasuredfromthebr-implantedsamplesIas
shownincigK4K14K AnanalogousbehaviourisobservedalsofortheemissionlifetimesEsee
4KRfmplantationdamageeffectsonthebrP+luminescenceinsilica UP
insetincigK4K14EaFFKfnthiscaseIonlythesamplesannealedatthehighesttemperaturesI
thatisTMM℃ andUMM℃Iexhibitedasufficientlyintenseluminescentemissiontoprovide
reliableestimationsofthelifetimesfromtime-resolvedmimeasurementsKcorbothfluences
themeasuredlifetimesareclosetothoseobtainedinthebr-implantedsamplesK
EaF EbF
cigure4K14:EaFmiintensityasafunctionofannealingtemperatureforthebr-implantedEblacksquaresF
andthebr-ueco-implantedsamplesEredcirclesFK qhe measurementshavebeenperformed
withresonantexcitationat4UUnmK qheinsetshowsthecorrespondingemissionlifetimesK
EbFComparisonofthetemperatureevolutionofthemiintensityat1R4Mnmforthebr-ue
andbr1Au1Mco-implantedsamplesunderresonantEfiledsymbolsFandnon-resonantEopen
symbolsFexcitationK
AsacomparisonIincigK4K14EbFishavereportedthemiintensityasafunctionofthe
annealingtemperatureforthebr-ueandthebr1Au1Mco-implantedsamplesunderresonant
excitationEλ=4UUnmFK qheresultsshowthedramaticalydifferenttemperatureevolution
exhibitedbythebr-Auco-implantedsampleswithrespecttothatofbr-ueco-implanted
onesKcorthebr1Au1Mco-implantedsamplesIthemiintensityisenhancedbytheformation
ofultrasmal AuclustersEoccurringuptoq=SMM℃Fthatviashort-rangenon-radiative
couplingsensitizethebrP+emissionat1R4MnmIasalreadydiscussedK MoreoverIwhenthe
clustersizebecomeslargerthan1M–OMatomsEduetoclustergrowthatq>SMM℃Fthemi
intensitydecreasestovaluescomparabletothoseofbr-ueco-implantedsamplesIinwhichthe
energy-transferprocessdoesnotoccurKqhisresultinparticularsuggeststhatthecontribution
oftheimplantationdefectsasthemainsourceofenergy-transfertobrP+ionscanberuled
outK
fndeedtogetdeeperinformationontheluminescentbehaviourofbr-ueco-implantedsam-
plesImimeasurementshavebeenalsoperformedinout-of-resonanceexcitationconditionEat
λ=4TSKRnmFK AscanbeseenincigK4K14EbFIinthewholerangeofannealingtempera-
turesnoevidenceof1R4MnmmiemissionhasbeendetectedK qhiscanbeconsideredasa
conclusiveevidenceoftheabsenceofanyenergy-transferprocessEattheexploredexcitation
wavelengthsFintheue-implantedsamplesIcontrarytowhatwasfoundfortheAu-implanted
samplesKqhereforeIthepresentresultfurthersupportstheconclusionthatmolecule-likeAu
clustersarerequiredtoachieveabroadbandenergy-transfertobrP+ions[PSIP9ITP]K
U4 4KRfmplantationdamageeffectsonthebrP+luminescenceinsilica
4KRKPptructuralcharacterization
qoevaluatethestructuralsimilaritybetweenue-implantedandAu-implantedbrco-doped
silicalayersthemorphologicalandcompositionalcharacterizationofthesampleswasper-
formedincross-sectionbyqransmissionblectron MicroscopyEqbMFwithacbfqbCkAf
cOMEpFqbMfield-emissiongunEcbdFmicroscopeoperatingatOMMkesIequippedwithan
baAuenergydispersivex-rayspectrometerEbapFforcompositionalanalysisandapcanning
qbMEpqbMFattachmentwithahigh-angleannulardetectorfordarkfieldpqbMimaging
EeAAac-pqbMFK
cigure4K1R:EaFCross-sectionaleAAac-pqbMimageofthebr-ueco-implantedsampleannealedatUMM℃;
EbFBc-qbMcross-sectionofthebr1Au1MsampleannealedatUMM℃K
cigure4K1REaFshowsthecross-sectionimageofthebr-uesampleannealedatUMM℃takenin
pqbMhigh-angleannulardarkfieldEeAAac-pqbMFmodeK tiththistechniquetheimage
contrastisproportionaltotheatomicnumber;thereforethebrightspotsbelowthesurface
canbeinterpretedasueclustersEbubblesFwiththesizeofaboutOnmKkolatticefringescan
bedetectedinhigh-resolutionmodeEeo-qbMFnordiffractionringswithelectrondiffractionI
indicatingclearlythatueaggregatesareamorphousclustersorgasbubblesKAspointedout
bylivieroetalKinoefK[T9]Ilargeuebubblescanbeformedinsilicaunderhighfluenceue
implantationEabove1M1Sions/cmOF;theirformationisgeneralyattributedtothelowsolubility
ofnoblegasatomsinsilicahostwhichthereforetendtosegregateinthedamagedmatrixK
qherelativelylowsolubilityofueisalsotypicalofAuinsilicaKcorcomparisonIcigK4K1REbF
showsthebright-fieldEBc-qbMFcross-sectionimageofthesamplebr1Au1Mannealedatthe
sametemperatureKCrystalinesphericalAunanoclustersweredetectedwithsize1KS±MKRnmI
iKeKIverysimilartothatoftheuebubblesofthebr-uesampleK
4KRK4buAcpmeasurements
qoinvestigatethenatureoftheimplantationinduceddamageonthebrsiteIbuAcpanalyses
atthebrabsorptionedgewereperformedtocorrelatethemiresultswiththeevolutionofthe
localatomicstructurearoundbrionsEdetailsontheexperimentalset-upcanbefoundinoefK
[TO]FKqhebuAcpspectraofthebr-ueco-implantedsamplesarereportedincigK4K1SEaFand
4KRfmplantationdamageeffectsonthebrP+luminescenceinsilica UR
comparedwiththespectrumofthereferencesamplebrUMMwithoutueimplantation;incigK
4K1SEbFthecouriertransformEcqFmoduliareshowntogetherwiththebest-fitcurvesKcor
althesamplesIthebuAcpsignal-dampedathighkvalues-istypicaloflightbackscatterersI
iKeKImainlyoxygeninthiscaseK qhebuAcpspectrashowsomedifferencesinthek=RKR–U
Å−1region:inparticularIinthisrangethesignaloftheas-implantedsampleisverylowI
whileitprogressivelyincreasesathigherannealingtemperaturesKCorrespondinglyIthemain
peakofthecouriertransformmodulusrelatedtothebr-lcoordinationEcigK4K1SEbFFis
highlyasymmetricfortheas-implantedsampleIwhiletheshoulderonitsright-handsideEat
o∼O–OKRÅFprogressivelyfadesawayathighertemperatureleadingtoanalmostsymmetric
peakuponannealingatUMM℃K
cigure4K1S:buAcpspectraofthebr-ueco-implantedsamplesIcomparedtothespectrumofthebrUMM
referencesample;EbFkO-weightedcouriertransformEintherangek=O–UÅ−1F moduliEful
circlesFandfitsEsolidlineFofthespectrainEaFK
qoproperlyfitthefirstshelbuAcpsignalIincludingtheshoulderontheright-handsideI
twodifferentcoordinationshavetobeconsidered:infactItheuseofanasymmetricdistance
distributionalonefailedtoreproducetheexperimentaldataKqheshortercoordinationisthe
dominantsignalandcomesfromthenearestlshel;thesecondoneisresponsibleforthe
shoulderofthefirstpeakinthecouriertransformmoduliIandisrelatedtoalightbackscat-
tererIsuchaspiand/orlKqhissignalisaminorpartofthewholefirstshelcontributionto
thebuAcpspectrumIsothedataanalysisalonecouldnotleadtostrongconclusivearguments
aboutthenatureofthebackscattererElorpiIorevenacoexistenceofbothFKkeverthelessI
consideringthatthissecondcontributiontothefirstshelisthermodynamicalyunstableEit
vanishesathighannealingtemperatureFandtheionimplantationprocessdeterminesade-
pletionoflatomsintheimplantedregionfavoringtheformationofdopant-pibondsIthis
contributiontothefirstshelismorelikelyduetopiatomsKpimilarlytothiscaseIithasbeen
shownthatthelocalsiteofbrionsco-implantedwithlincrystalinepiexhibitamainbr–pi
coordinationthatisprogressivelysubstitutedbythemorestablebr–lcoordinationupon
annealing[UM]EasacomparisonItheheatofformation∆efofbrOlPis1U9Ukg/mol[U1]I
withrespectto∼URand∼SPkg/molofbrpiandbrpiOIrespectively[UO]FKAnotherfactthat
supportsthispictureisthatafirstattempttofitthefirstshelexperimentaldatawithl
atomsattwodifferentdistancesledtoaaebye-talerfactorhigherforthespectraofthe
samplesannealedathighertemperatureIthatisunlikelytohappenK
corthefirstshelItheresultsofthebuAcpanalysesarereportedinqable4KOIinthe
US 4KRfmplantationdamageeffectsonthebrP+luminescenceinsilica
qable4KO:oesultsofthebuAcpanalysisforthefirstshelforbr-ueandbrUMMsamples;kisthecoordination
numberIotheinteratomicdistanceK qheaebye talerfactorσOhasbeensettoE1P±OF×1M−P
Åforalthesamplesandforbothl–andpi–coordinationIasestimatedbythefirstshelfitting
ofthespectrafromtheUMM℃ annealedsamplesKfnlastcolumnthemiintensitymeasuredunder
resonantexcitationisreportedK
pample qempK lcoordination picoordination mifntensity
[℃] k o[Å] k o[Å] [ArbKuK]
br-ue - 4K9±MKS OK1U±MKMO 1KU±MKR OKS9±MKM4 -
br-ue PMM 4KU±MKS OK1U±MKMO 1KR±MKR OKT1±MKM4 -
br-ue RMM 4KT±MKS OK1S±MKMO 1KP±MKR OKTO±MKM4 MKO±MKMR
br-ue SMM 4K9±MKS OK1S±MKMO 1KM±MKR OKT9±MKM4 MKR±MK1
br-ue TMM 4K9±MKS OK14±MKMP 1KM±MKT OKTO±MKMT 1KR±MKO
br-ue UMM RKT±MKS OK1T±MKMO MKR±MKS OKU4±MKM9 OKP±MKO
brUMM UMM RKS±MKS OK1T±MKMO MKR±MKR OKT9±MKMS OKS±MKO
lastcolumnthemeasuredmiintensityisalsoreportedKcortheas-implantedbr-uesampleI
theaveragebrsiteiscomposedofaboutRlatomsandaboutOpiatomsK qhebr–l
distanceissignificantlyshorterthaninthebrOlPandbrOpiOlTcrystalsEwhereo=OKOP–OKP1
ÅFIbutitisintherangeofdistancesusualyobservedforbr-dopedsilica-basedsystems
[4PIUPIU4]IespecialywhenthesynthesisconditionsarefarfromequilibriumK MoreoverIthe
br–pidistanceissignificantlyshorterthaninbr–silicidecrystalsEaboutPKMMÅinbrpiOand
OKUM–PK1TÅinbrpiF;neverthelessItheoreticalanalysisonbr+l–dopedcrystalinepiindicates
br–landbr–pifirstsheldistancesofOK1UÅandOKSMÅIrespectivelyIingoodagreement
withthevaluesfoundinthepresentcase[UR]KrpontheincreasingtemperatureannealingIthe
numberoflatomsinthefirstshelincreasesIandbrionsreachpracticalythefuloctahedral
coordinationIiKeKthestandardsix-foldcoordinationofbrP+incrystalswithannealingat
q=UMM℃;correspondinglyIthenumberpiatomsinthefirstshelsignificantlydecreasesand
becomesnegligibleforthebr-ueco-implantedsampleannealedatUMM℃Eseeqable4KOFKqhusI
thepresenceofbothpiandlatomsinthefirstshelEobservedforannealingtemperatures
belowUMM℃Flikelysuggeststhattheelectronicconfigurationaroundthebrsitemaybe
differentfromthatofbrionsoctahedralycoordinatedwithjustlatomsK MoreoverIthe
buAcpsignalsfromthereferencesampleandthebr-ueco-implantedsamplebothannealed
atUMM℃IareidenticalEseecigK4K1SEaFandqable4KOFKqheseresultsindicatethatthebr–
picoordinationinthefirstshelisrelatedtothedefectsformeduponueimplantation:at
hightemperatureannealingthematrixandthebrsiterecoverfromirradiationdamageandI
correspondinglyIthebr–picoordinationvanishesIleavingonlytheoctahedralcoordination
withlatomsK
fnconclusionIfromqable4KOitcanbeseenthatgooddirectcorrelationcanbeestablished
betweenbrP+miintensityandthebr–lcoordinationnumberIindicatingthatintheabsence
ofsensitizingspeciesIthemaincontributiontothebrP+miintensityat1R4Mnmcomesfrom
aproperlystructuredbrP+environmentIiKeKIwhenthefulyoctahedralconfigurationofthe
oxygenatomsaroundeachbrbiumionisreconstructedbythethermalannealingIwiththe
consequentfadingofthebr–pifirstshelcontributionIprovenbytheobservationthattheue-
implantedbr-dopedsilicarecoveriesamiefficiencyEbothintensityandlifetimeFverysimilar
tothereferencesampleEbrUMMFK
4KSConclusions UT
4KS Conclusions
qheeffectofsub-nanometerAuclustersonthebrP+luminescenceat1R4Mnminbr-Auco-
implantedsilicahasbeenelucidatedKfthasbeendemonstratedthattheenergy-transfermech-
anismcontrolingthesensitizationprocessofbrionsinthepresenceofgoldsub-nanometric
clustersisanon-radiativeshort-rangeinteractionwithanestimatedcouplinglengthofthe
orderofMKRnmKpincetheenergy-transferprocessismediatedbythebroad-bandinterband
absorptionofthesub-nanometerAuclustersIthebrP+excitationcanbeachievedbyusing
pumpingsourcesmoreconvenientthanlaserssuchasibasorwhitelightsourcesK
bxploring[br]/[Au]concentrationratiosspanningovermorethanoneorderofmagnitudeI
ithasbeendemonstratedthatwithanopportunepost-implantationthermaltreatmentanen-
hancementofthemiintensityofmorethanoneorderofmagnitudecanbeachievedKpystem-
aticphotoluminescencecharacterizationsperformedbothforresonantandout-of-resonance
brexcitationconditionsrevealedthatthesensitizationmechanismischaracterizedbyalarge
effectivecross-sectionImorethanthreeordersofmagnitudelargerthattheintrinsiccross-
sectionforbremissionK curthermoreIstudyingtheimplantationdamageofueionstothe
br-dopedsilicasystemsIthepossibilitythatmatrixdefectsbehaveasactivespeciesinthebr
sensitizationprocesshasbeenruledoutanditwasdemonstratedthattheoptimizationofthe
brluminescentpropertiesinsilicaisconnectedtotherecoveryofthefirstshelfuloctahedral
coordinationofoxygenatomsaroundbrionsK

deneralconclusions
qhepresentthesisdealswiththeinteractionofplasmonicandpre-plasmonicnanostructures
withanemitterincloseproximityK qheinvestigationwascarriedoutfolowingdifferent
approachesEiKeKIplasmoniccouplingwithplanarinterfacesIinteractionwithnanostructures
withOaperiodicpatternandenergy-transferfrompre-plasmonicnoblemetalsub-nanometric
clustersFIbutalwayswiththeaimofinsertingtheexperimentalresultsintheframeworkof
neworexistingtheoreticalmodelsinordertobetterunderstandthephotophysicalnatureof
theinteractionKqhisapproachalowedthedevelopmentofpredictivemodelsthatcanbeused
inthedesignofnoveldevicesfordifferentphotonicapplicationsK
fnthisframeworkIthechoiceofbrbium-dopedsilicaasemittingsourcewasdrivenbythe
greattechnologicalimportanceofthisrareearthinphotonicsandoptoelectronicsKfnpartic-
ularIthestrategyadoptedwastoworkwithanemittingsystemasefficientaspossibleKcor
thisreasonthefirststepoftheresearchactivitywasdevotedtotheoptimizationofthebrP+
mipropertiesinsilicaKcorthesynthesisofthebr-dopedfilmsItwodifferentfabricationtech-
niqueshavebeenused: magnetronco-sputteringandionimplantationK qhefirstapproach
inparticularalowsafinetuningofthethicknessofthedopedlayeranditsdistancefrom
thesurfaceInecessarytostudytheinteractionwiththinfilmsandnanoholearrayswhere
theseparationdistanceisacrucialparameterKoegardlessofthefabricationmethodIahigh
temperatureannealingEaboveSMM℃Fwasfoundtobenecessaryfortheactivationofthe
brP+characteristicemissionat1R4MnmK MoreoverIfortheco-sputteredsamplesithasbeen
observedthatanannealinginvacuumatmospherehasabeneficialeffectonthemiintensity
duetotheout-diffusionofquenchingspeciesfromthedepositedsilicalayerKcrommimea-
surementsontheotherhandtheexcitationcrosssectionforbrP+insilicawasestimatedto
beoftheorderof1M−O1cmOKftisworthnotingthatsuchlowvaluerepresentsoneofthe
mainlimitationstothedevelopmentofnewphotonicdevicesbasedonbr-dopedmaterialsKAn
additionallimitationmayderivefromthelonglifetimeofthebrbiumemissionKqhebrbium
4f1P/O→4f1R/Otransitionischaracterizedbyalifetimeofseveralmiliseconds:suchlongper-
manenceintheexcitedstatemakestherareearthsensitivetonon-radiativedecayprocesses
andinparticularlimitsthemaximumbrconcentrationforanefficientemissionat1R4MnmK
fthasbeenobservedIindeedIthatthemeasureddecayrateincreasesroughlylinearlywiththe
concomitantincreaseofbrconcentrationIdecreasingthequantumefficiencyoftheradiative
processKnuantumefficienciesoftheradiativeemissionclosetotheunityhavebeenobtained
inthelimitofverylowbrconcentrationEofaboutMK1%atKFIforwhichthenon-radiativedecay
rateresultsalmostnegligibleK
qheinvestigationofthemodificationoftheopticalpropertiesofanemitterduetoprox-
imityofaninterfacedemonstratedthatastrongcontrolonthelifetimecanbeachievedby
varyingtheoverlayermaterialandthedistancefromtheinterfaceKqodescribethedecayrate
modificationdifferentcontributionshavetobetakenintoaccount:thevariationofthelocal
densityofstateduetothereflectionfromtheinterfaceIthecouplingoftheemittedradiation
withpropagatingsurfaceplasmonsonthemetal-dielectricinterfaceandthedissipationinthe
overlayerK qheexperimentalresultswerecomparedwiththetheoreticaldescriptionderived
U9
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fromthemodelproposedbyChanceetalKIandanexcelentagreementhasbeenfoundbetween
thetheoreticalpredictionsandthemeasuredvaluesfordielectricEairFImetalicEAuIAgICrI
qiFandsemiconductingEpiFoverlayersIprovidinganusefultooltopredictthevariationof
thedecayrateandtochoosetheoptimumoverlayermaterialinthedesignofnewphotonic
devicesKfnparticularIthehighestreductionofthebrP+lifetimeEupto1/Poftheinitial
valueFhasbeenobtainedbyinteractionwithmetalicopticalythickfilmsK MoreoverIthe
efficientcouplingbetweenbremissionat1R4Mnmandpropagatingsurfaceplasmonsatthe
pilO–noblemetalinterfacehasbeenprovenIshowingthatifthepmmsareefficientlycoupled
outItheradiativeefficiencyofthebrP+transitionat1R4MnmcanbefurtherenhancedK
Afurtherstepaheadintheimprovementoftheopticalpropertiesofanemitterwasobtained
whenanoblemetaloverlayerispatternedwithaOaperiodicarrayofnanometer-sizedholesK
Acombinationofnanospherelithographyandreactiveionetchingofferedaconvenientand
versatilemethodforthefabricationofhighlyorderedkeAsonlargeareasKqheopticalproper-
tiesofthesesystemscanbetailoredsimplybyactingontheself-assemblingnanoparticlessize
andtheetchingdurationKfthasbeenproventhatbycouplingwithresonantandnon-resonant
goldkeAsIthedecayrateofthebrbiumradiativeemissionat1R4Mnmcanbestronglyen-
hancedIparticularlywhenthekeAblqpeakmatchestheemissionwavelengthK MoreoverI
theinvestigationofthedependenceofthelifetimeshorteningonthedistancebetweenthe
emitterandtheplasmonicnanostructurehaspointedoutthatthecouplingisstrongerasthe
distancedecreasesIespecialyforresonantkeAsKqheexperimentaldatahavebeencompared
withcbMsimulationsIdemonstratingnotonlyastrongcouplingoftheemittedradiationwith
propagatingpmmodesIbutalsothatthedissipationinthegoldnanostructuresisnegligibleI
sothatthehigherphotonfluxisalavailableinthefar-fieldK qheresultsrevealedthatthe
couplingofbr:pilOthinfilmswithgoldkeAsoffersseveraladvantagesfortherealizationof
plasmonic-baseddevicesKfnfactIunlikethefilmgeometryIthesurfaceplasmonspropagating
onthemetal-dielectricinterfacearedirectlycoupledoutintofar-fieldradiationcontributingto
theoveralsignalK MoreoverItheemittedradiationcanbecolectedfrombothsidesofakeA
anditsangulardistributioncanbetailoredsimplybyactingontheholesperiodicityKcinalyI
itisworthnotingthatkeAsareopticalfilterswhosetransmittedwavelengthisdetermined
bythelatticeparameterandacombinationofkeAswithdifferentperiodicityopensnew
prospectivesforthedesignofsmartexcitation-emissionconfigurationsK
curthermoreItheenhancementofthephotoluminescencepropertiesofanemittercanbe
obtainednotonlyactingontheemissionprocessIbutalsoincreasingtheexcitationcrosssec-
tionKcorthispurposeIaninterestingopportunityisrepresentedbythesensitizationeffectof
theultra-smalgoldclustersobtainedbyionimplantationonthebrP+emissionat1R4MnmK
Althoughsuchnoblemetalclustersaretoosmaltohavethecontinuousdensityofstatesnec-
essaryforplasmonexcitationstobesupportedInonethelesstheycanefficientlyinteractwith
nearbyemittersIabsorbinglightthroughinterbandtransitionandtransferringsubsequently
totheemittertheenergynecessaryfortheexcitationKfthasbeendemonstratedthatthe
energy-transferprocessfromtheAunanoclustersEAukCsFtothebrionsisashort-range
couplingmechanismanditcanbedescribedintheframeworkofthecörsterenergy-transfer
theoryKiong-rangeinteractioneffectsasthosemediatedbytheemissionofphotonsfromthe
AukCssubsequentlyabsorbedbythebrionshavebeenruledoutKbxploringtheinfluence
ofsizeanddensityoftheAukCsonthebrP+miintensityat1R4MnmIithasbeenfoundout
thatindependentlyoftheinitialAuconcentrationinthesilicamatrixthehighestsensitization
effectoccurswhentheAukCsaremadebyabout1M–OMatomsKqailoringtheAuimplantation
fluenceandthepost-implantationannealingnecessaryfortheAuclusteringIanenhancement
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ofthemiintensityofmorethanoneorderofmagnitudehasbeenachievedK Moreovera
simplephenomenologicalmodelforthebrsensitizationmediatedbyenergy-transferfromAu
kCshasbeendevelopedthroughwhichtheeffectivecross-sectionandtheinteractiondistance
oftheenergy-transferprocesshavebeendeterminedK qheresultsrevealedthatthesensiti-
zationmechanismischaracterizedbyalargeeffectivecrosssectionImorethanthreeorders
ofmagnitudelargerthattheintrinsiccrosssectionforbremissionK konethelessonlyalim-
itedfractionofthebrionscanbeindirectlyexcitedbyenergy-transferfromtheAukCsK
MoreoverIinteractiondistancesoftheorderofMKRnmwereestimatedIfurtherconfirmingthe
short-rangecharacteroftheenergy-transfermechanismKAnadditionaladvantageoftheAu
kCssensitizationisthatthelightisabsorbedthroughbroad-bandinterbandtransitionin
metalclustersIthereforethebrP+excitingcanbeachievedthroughnon-resonantpumpingK
qhishasimportanttechnologicalentailmentsforthepossibleapplicationsofthesesystemsin
photonicandoptoelectronicdevicesIexploitingbroad-bandpumpingsourcesK
fnconclusionIonthebasisofaltheobtainedresultsdiscussedinthisthesisIpromising
opportunitiesinthedevelopmentofnovelandmoreefficientphotonicdevicescanbeforeseenK
qheresearchinthisfieldisfarfrombeingcompletedandmanyinterestingissuesforthefuture
researchcanbesuggestedKcorinstancetheinvestigationofthecouplingofbr:pilOthinfilms
withagraphenelayercouldleadtofurthermienhancementduetoitspromisingplasmonic
propertiesinthenear-foregionK Adeepercomprehensiononmechanismsinvolvedinthe
emitter-keAcouplingcancontributetothedevelopmentofafultheoreticaldescriptionofthe
interactionKConcerningthemolecular-likemetalclusterIfurtherinsightsintheunderstanding
ofthephotophysicalnatureofthesensitizationeffectcanbeobtainedbyadeeperinvestigation
ofthedynamicsoftheenergy-transfermechanismunderultra-shortlaserpulsesorbythe
explorationofothermetalicspeciesoraloysK
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